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Chapter 1 
 
General introduction 
 
Cooperative breeding is defined as the breeding system, in which individuals other than 
parents remain in breeder’s territory and assists the breeders to raise their young (Brown 
1987; Koenig and Dickinson 2004; Cockburn 2006). These individuals are usually called as 
helpers, and cooperative breeding systems have been reported and intensively investigated 
from insects, fish, birds and mammals (Skutch 1935, see also Boland and Cockburn 2002 
for the historical perspective of discovery and description of cooperative breeding in birds; 
Wilson 1971; Jarvis 1981; Taborsky and Limberger 1981). Why do helpers show such 
altruistic helping behavior instead of their own reproduction is difficult to be interpreted by 
natural selection, and this question is the major interest to resolve the evolution of 
cooperatively breeding system in the behavioral ecology and evolutionary biology for a 
long period.   
In cooperative breeding, delayed dispersal of offspring is commonly observed in 
many species and widely accepted as pre-requisition of cooperative breeding. There are 
three major hypotheses to explain delayed dispersal of offspring (Hatchwell and Komdeur 
2000). (1) Ecological constraints hypothesis (Emlen 1982, 1984) declares that delayed 
dispersal is costly for helpers when environmental conditions are worse, e.g. due to high 
energetic or survival cost of dispersal (Ligon & Ligon 1990; DuPlessis 1999), saturation of 
habitat and shortage of territory vacancy (Selander 1964; Emlen 1984; Woolfenden and 
Fitzpatrick 1984), shortage of mating partner (Rowley 1965, 1981; Maynard Smith and 
Ridpath 1972; Reyer 1984; Clarke 1989; Marzluff and Balda 1990; Purret-Jones and Lewis 
1990; Walters et al. 1992), or low probability of successful breeding (Reyer 1980; Emlen 
1982a, b; Stacey and Ligon 1987). (2) Benefits of philopatry suggest that helpers remaining 
at natal territory will obtain benefits by raising close relatives and acquire indirect benefits, 
(Komdeur 1994; Emlen 1995; Russell and Hatchwell 2001; Clutton-Brock 2002; Hatchwell 
2009), inheriting territories from dominants (Woolfenden and Fitzpatrick 1984; Stacey and 
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Ligon 1991, Balshine-Earn et al. 1998), acquiring alloparental care experiences and skills 
from breeders (Selander 1964; Komdeur 1996; Koenig and Walters 2011) or increasing 
survival chance in future (Taborsky 1984; Woolfenden and Fitzpatrick 1984; Stacey and 
Ligon 1991). These hypotheses are tightly linked each other, and mainly differ only in the 
emphasis point of cost and benefits of staying at and dispersing from natal territory. (3) Life 
history hypothesis declare that traits which are related to delayed dispersal and reproduction, 
such as longevity, low adult mortality or small clutch size makes slow population turnover 
and restricts the independent dispersal and breeding (Brown 1978; Arnold and Owens 1998; 
Hatchwell and Komdeur 2000; Härdling and Kokko 2003; Covas and Griesser 2007; 
Beauchamp 2014).  
On the other hand, delayed dispersal itself does not always accompany with 
helping behavior, i.e. delayed dispersal does not always lead helpers to be helped to assist 
raising young of dominants (Gayou 1986, Veltman 1989, Ekman et al. 1994). Therefore, 
helpers will have two separate decision steps, to stay or not in their natal territory, and to 
help or not the dominants. Thus, to well understand the evolution of cooperatively breeding 
system, these two tightly linked questions “why helpers delay dispersal” and “why helpers 
help” are both need to be explained (Emlen 1982a, 1991; Brown 1987; Cockburn 1998).   
Most traditional and well known hypothesis of “why helpers help” is kin selection 
theory (Hamilton 1964). In most of the cooperative breeders, at least in some degree, 
helpers are related to the dominants of their own social group (e.g. due to delayed dispersal 
of natal territory), and many studies have been reported the kin selected indirect benefits of 
helpers by raising their brothers and sisters (Hamilton 1964; Komdeur 1994; Russell and 
Hatchwell 2001; Nam et al. 2010). Indeed, kin selection theory plays an important role in 
the context of cooperative breeding, however it has been questioned whether kin selection 
alone is sufficient to explain cooperatively breeding, especially in vertebrates (Cockburn 
1998; Heinsohn and Legge 1999; Clutton-Brock 2002; West et al. 2002). This idea comes 
from the evidence that related helpers to the dominants of their group are not in all of the 
cases and helpers do not modulate their helping effort by the relatedness with the dominants 
as expected in kin selection theory (Clutton-Brock et al. 2000; Canestrari et al. 2005; 
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Leadbeater et al. 2010; Le Vin et al. 2011). It has also been pointed out that indirect benefits 
alone are rarely high enough to compensate for the benefits of breeding alone for helpers 
(Dickinson and Hatchwell 2004), and competition among relative helpers and dominants of 
the same group may cancel the benefit of kin selection (West et al. 2002), suggesting that 
explaining helping behavior by kin selection alone is difficult and direct benefits are also 
important to understand the evolution of cooperatively breeding (Clutton-Brock 2002; 
Bergmüller et al. 2007; Leimer and Hammerstein 2010). 
Several alternative direct benefits have been proposed to explain helping 
behaviours in cooperative breeding (Cockburn 1998; Clutton-Brock 2002, 2009; Lehmann 
and Keller 2006; Bergmüller et al. 2007). (1) Group augmentation hypothesis (Woolfenden 
1975; Kokko et al. 2001) suggest that helpers gain by-product benefits by the mere presence 
of other group members (passive group augmentation), or helping to recruit new group 
members subsequently benefit to helpers via helping by new recruits (active group 
augmentation). (2) Helpers will inherit territory and gain breeding partners and positions by 
helping to signal their quality to potential partners (social prestige hypothesis: Zahavi 1974). 
(3) Pay to stay hypothesis explains that helpers may have to pay a ‘rent’ payment in order to 
compensate for the cost of staying to the territory of dominants (Gaston 1978). Importantly, 
these hypotheses are not mutually exclusive, and are also likely to maintain cooperation 
together with kin selection (Kokko et al. 2002; Zottl et al. 2013).  
All of these hypotheses are widely explored in bird and mammal cooperative 
breeders, and in cooperative breeding fish, almost no empirical studies have been hardly 
conducted except for one species Neolamprologus brichardi/pulcher. In N. 
brichardi/pulcher, numerous hypotheses have been tested for more than 30 years from 
various aspects (Wong and Balshine 2011). Recent studies suggest that helpers of N. 
pulcher show age-dependent relatedness with dominants (Dierkes et al. 2005), ecological 
constraint (Heg et al. 2004; Bergmüller et al. 2005a), and benefit of philopatry (Heg et al. 
2008) both affect the dispersal pattern of helpers. Molecular evidence shows male biased 
dispersal pattern in this species (Stiver et al. 2007), and pay to stay hypothesis has been 
supported (Balshine et al. 1998; Bergmüller et al. 2005b; Bergmüller and Taborsky 2005, 
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but see Wong and Balshine 2011), as well as other hypotheses in this species (group 
augmentation: Heg et al. 2004). On the other hand, other cooperative breeding fish have 
received less attention by the behavioral ecologists. Cooperatively breeding systems in fish 
are almost only found in substrate brooding cichlids, tribe Lamprologini, from Lake 
Tanganyika (Heg and Bacher 2006, but see Martin and Taborsky 1997). These 
Lamprologini cichlids differ in their mating systems, group structure and ecological habitats, 
and will provide an ideal opportunity to investigate the ecological aspects of cooperative 
breeding system. Moreover, from the recent molecular phylogenetic analysis (Sturmbauer et 
al. 2010), these cooperatively breeding cichlids evolved several times in the past, and will 
provide the ideal system to study the evolution of cooperative breeding.  
In my thesis, I study the social system, group composition, dispersal pattern and 
examine both of the key questions “why helpers delay dispersal?” and “why helpers help?” 
in entirely unstudied species Neolamprologus obscurus. In chaper 2, I show the social 
system, group structure, behaviors and dispersal pattern of N. obscurus by field 
observations and laboratory molecular analyses. In chapter 3, I examine the ecological 
constraint hypothesis through comparing the dispersal pattern between two place of one 
population of this fish, where the predation risks and other environment were different. In 
chapter 4, I test the pay to stay hypothesis together with kin selection hypothesis, by means 
of temporal removal of various relatedness of helpers from territories.   
  
 7 
Chapter 2 
 
Group composition, relatedness, and dispersal in the cooperatively 
breeding cichlid Neolamprologus obscurus 
 
Abstract  
Cooperative breeding has been studied intensively in many species of birds and mammals, 
but remain less well studied in fish. I report a remarkable new example of a cooperatively 
breeding cichlid from Lake Tanganyika, Neolamprologus obscurus. Using field 
observations and microsatellite DNA analyses, I studied group structure, helping behavior, 
relatedness and dispersal of this species. I present four major observations. First, large 
territorial breeding males mated with one to eight breeding females, each of which was 
territorial and unrelated to another. Second, 1–10 smaller fish (“subordinates”) of both 
sexes were allowed to stay inside breeding females’ territories. Subordinates were often 
highly related to both the respective breeding male and female and performed territory 
defense and shelter maintenance, which is regarded as helping behaviors. Third, one to 
three subordinate males, similar in size to breeding females, were allowed to stay inside a 
breeding male’s territory, but were not tolerated in breeding females’ territories. Pairwise 
relatedness suggests these individuals are usually sons of the respective breeding male. 
Fourth, pairwise relatedness estimates suggest that juveniles delay dispersal and assist their 
mothers in raising offspring. As female subordinates grow up, they leave the father’s 
territory and disperse into other groups. In contrast, male subordinates leave their mother’s 
territory but remain within the territory of their father. The described social system makes N. 
obscurus a promising new model species to study the evolution of cooperative breeding. 
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Introduction 
A large number of bird and mammal species have been reported to engage in cooperative 
breeding (Lukas and Clutton-Brock 2012; Feeney et al. 2013). Cooperative breeding is 
defined as a breeding system in which individuals other than parents remain in the breeder’s 
territory and assist in raising young (Koenig and Dickinson 2004; Cockburn 2006; Lukas 
and Clutton-Brock 2013). In contrast to birds and mammals, only a few fish species are 
known to breed cooperatively, despite a wide variety of mating and parental care systems 
(e.g., Taborsky 1994, 2001; Kohler 1998; Wisenden 1999; Awata et al. 2005; Heg et al. 
2005; Heg and Bachar 2006). Those that have been described as cooperative breeders are 
almost all cichlids of the tribe Lamprologini endemic to Lake Tanganyika (Heg and Bachar 
2006). Helpers of cooperative breeding cichlids participate in territory defense (attacking 
predators and territory competitors), territory maintenance (digging and removing debris 
from shelters) and fry care (cleaning and fanning eggs and defending young) (Taborsky and 
Limberger 1981; Kohler 1998; Awata et al. 2005; Heg et al. 2005). Cichlids represent an 
excellent model system to study the evolution and behavioral ecology of cooperative 
breeding using both field data and laboratory experiments (Wong and Balshine 2011). 
However, detailed data on cooperative breeding cichlids have been gathered from only a 
few species (see Heg and Bachar 2006 for a complete list), notably Neolamprologus 
pulcher/brichardi (N. pulcher and N. brichardi are synonymous species according to 
molecular data, see Duftner et al. 2007). Other Lamprologines, such as N. multifasciatus 
(Rossiter 1993; Sato and Gashagaza 1997; Kohler 1998; Schradin and Lamprecht 2000, 
2002), N. savoryi (Heg et al. 2005), Julidochromis ornatus (Awata et al. 2004, 2005; Heg 
and Bachar 2006) J. marlieri (Yamagishi and Kohda 1996), and Chalinochromis brichardi 
(MK et al. unpublished data) have been less well studied.  
These species show a broad array of mating systems, ranging from monogamy and 
polygyny (e.g. N. pulcher: Desjarkins et al. 2008; N. multifasciatus: Kohler 1998; N. 
savoryi: Heg et al. 2005) to classical polyandry (e.g., J. marlieri: Yamagishi and Kohda 
1996; J. ornatus: Awata et al. 2005) and cooperative polyandry (J. ornatus: Awata et al. 
2005, 2006; C. brichardi: MK et al. unpublished data). While the subordinates of 
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cooperatively polyandrous species are mostly unrelated to the dominants of both breeders 
(Awata et al. 2005, 2006 showed more than 80 percent of the helpers were unrelated to the 
dominant breeders in J. ornatus), monogamous and polygynous species show age 
dependent relatedness between dominants and subordinates, and relatedness declines with 
age of the subordinates (N. pulcher: Dierkes et al. 2005; N. savoryi: DH et al. unpublished 
data).  
The dispersal patterns of cooperative breeders are relatively well documented in 
birds and mammals—e.g., in Florida scrub jays (Woolfenden and Fitzpatrick 1990), 
Seychelles warblers (Eikenaar et al. 2007, 2008), and dwarf mongoose (Creel and Rabenold 
1994). Usually, the dispersal patterns of birds are female biased, while they are male biased 
in mammals (Greenwood 1980; 1983; Greenwood and Harvey 1982; Clarke et al. 1997; 
Clutton-Brock and Lukas 2012). Sex-dependent differences in delayed natal dispersal 
directly affect group composition, the opportunity to avoid inbreeding and competition with 
relatives for resources and/or mates (Pusey and Wolf 1996; West et al. 2002). It also affect 
the probability of assisting kin, or non-kin, in raising their offspring (e.g., Griffin and West 
2003; Koenig and Dickinson 2004). Whereas dispersal in birds and mammals can be 
studied directly using individually marked group members, information in fish is less 
detailed and more difficult to obtain in nature due to the challenges of marking fish (most 
cooperatively breeding species are <10 cm in total length, and subordinates are even 
smaller). Nevertheless, in N. pulcher short-term observations (e.g., Bergmüller et al. 2005a), 
individual genotyping across years (e.g., Stiver et al. 2004) and evidence from pairwise 
relatedness analyses (e.g., Dierkes et al. 2005; Stiver et al. 2005, 2007) together suggest that 
males disperse farther and more often than females, and that subordinates are more related 
to breeding females than to breeding males. This further indicates higher turnover rates 
among males due to breeder dispersal or death. However, to my knowledge, natural 
dispersal has not yet been studied in any other species of cooperatively breeding cichlid. 
The purpose of this study is to advance our knowledge of cooperative breeding 
cichlids by adding information on group structure, helping behavior, within group 
relatedness and dispersal patterns of the previously unstudied Lake Tanganyika cichlid N. 
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obscurus. Based on a literature search and personal communications, Heg and Bachar 
(2006) concluded that at least 19 Lamprologini species are cooperative breeders, while the 
status of N. obscurus was inconclusive. As the cooperative breeding system of N. obscurus 
has not yet been described, I start with a comprehensive description of group composition, 
body sizes, territoriality, behavior, and reproductive maturity using gonad sizes. Next, I use 
within- and between-group pairwise relatedness analyses, based on microsatellite DNA, to 
estimate opportunities for kin selection and sex-dependent dispersal. 
 
Methods 
Study species 
Neolamprologus obscurus is a small cichlid (8cm total length in maximum) endemic to 
Lake Tanganyika, where it lives under stones in sediment-rich intermediate substrates near 
shorelines, typically at depths of 5–35 m (Poll 1978; Konings 1998; HT personal 
observation). N. obscurus occupy territories in which they dig out shelters under stones, 
which they use for breeding, foraging and protection from predators and conspecifics. The 
species’ diet consists mainly of benthic animals, such as insect larvae and shrimp, but may 
also include zooplankton (HT unpublished data). 
 
Field observations 
The study was conducted at the southern tip of Lake Tanganyika, at Nkumbula Island near 
Mpulungu (8°45.2’S, 31°05.2’W), Zambia. Data were collected by SCUBA diving from 
September to November 2010. The study site was located at a depth of 6.5–8 m along a 
steep sandy slope with many partially exposed stones (typical diameter 10–30 cm). It 
measured approximately 20 × 7 m. This area was subdivided into a 0.5 × 0.5-m grids using 
rope to more easily map the home range of each individual. I used the resulting detailed 
topographic map of all stones to trace the swimming tracks of every individual observed 
during the study (i.e., breeding males, independent males, breeding females, single males, 
and helpers; see “Definition of social rank”). Fish were individually identified by their size 
and distinct natural markings, which consisted of a series of unique gray lines on the head 
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and body (Supplemental fig. 2.1). 
 
Definition of social rank 
I recorded two-dimensional swimming tracks of the fish as a continuous line on the 
topographic map and used the maximum extent of each individual’s swimming tracks to 
determine its home range.  
I observed several large males in the study area. These males had the largest home 
ranges, and sometimes showed aggressive behaviors against each other at the boundaries of 
their respective territories. Their home ranges overlapped with sexually mature females and 
other individuals that typically showed submissive and/or social behaviors (see ‘Behavioral 
observation’ part for the definition of submissive behavior and social behavior). These 
males had mature testes (see results of the gonad analysis), and I therefore defined them as 
breeding males (Fig. 2.1a-d).  
I also found males whose territory did not overlap with any breeding females, but 
remained inside the home range of a breeding male. These males showed aggressive 
behavior toward their neighboring breeding females and defended their own shelters, but 
showed submissive and social behavior (especially by swimming side by side; HT 
unpublished data) toward, and were tolerated by, the cohabitant breeding male. I defined 
these as single males (Fig. 2.1b, c). Finally, I found that some males fought against 
neighboring breeding males, but their territories did not overlap with any other individuals 
and they remained alone. I defined these as independent males (Fig. 2.1a). 
I found several females inside the home ranges of breeding males. These females’ 
home ranges rarely overlapped, and they showed aggressive behaviors against each other. 
Almost all had mature ovaries (see results of the gonad analysis), and I therefore defined 
them as breeding females (Fig. 2.1b-d). 
I also found smaller individuals within the home ranges of breeding females. 
These small individuals were tolerated by, and typically used the same shelters as, the 
breeding female, but were attacked if they stayed near neighboring females’ home ranges 
(Fig. 2.1b-d). They showed aggressive behavior towards both con- and heterospecific 
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individuals, including other breeding females, but showed submissive behavior toward their 
own breeding female, and removed sand from her shelter. Similar behaviors have been 
described as costly helping behaviors in other cichlid species (Taborsky 1984, 1985; 
Taborsky et al. 1986; Grantner and Taborsky 1998; Heg et al. 2005; Heg et al. 2006). Thus, 
I consider them likely to be costly in N. obscurus as well and defined these individuals as 
helpers. 
      Finally, I observed small fish inside the shelter of some breeding females. These 
individuals were small (below 19 mm), rarely overlapped in size with helpers (Fig. 2.2), and 
never emerged from the shelter during observations. They neither removed sand nor were 
aggressive toward intruders, and I therefore defined them as juveniles. 
I defined all individuals that lived within a breeding male’s home range as group 
members (i.e., the breeding male, and all associated breeding females, single males, helpers, 
and juveniles), and individuals that overlapped only with breeding females as subgroup 
members (i.e., the breeding female, helpers, and juveniles). 
 
Behavioral observation 
I randomly selected 14 groups and four independent males for focal behavioral observations 
in the study area (N = 14 breeding males, 38 breeding females, 11 single males, 54 helpers, 
and 4 independent males). Each individual was observed three times within one day. Each 
observation lasted 10 minutes, summing up to a total of 30 minutes per individual. 
Observations were made during three time periods: between 9:00 and 10:30, 10:30 and 
12:00, and 14:00 and 15:30. Juveniles were not observed because they did not emerge 
during the observation period. I recorded pecking frequency as a proxy of feeding behavior 
both in the water column and on the substrate, the frequency of sand digging from the 
shelter and sand removal from the home range, the frequency of aggressive behaviors 
(including overt aggression such as bites, chases, fast approaches, mouth-fights, and 
restrained aggression such as opercula spreading, also called “puffed throat”, S-shaped body 
posture, and fin spreading), the frequency of submissive behaviors (tail-quivering), and the 
frequency of social behaviors (soft body contact, also called “bumping”) toward con- and 
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heterospecific individuals. These behaviors are similar to behaviors in N. pulcher/brichardi 
(described in Taborsky 1984, 1985; Taborsky et al. 1986) and N. savoryi (Heg et al. 2005). I 
further found that some individuals swam side by side with other individuals that 
approached the focal individual’s home range. This behavior has also been reported in N. 
meeli as “swim together” behavior (Sunobe and Munehara 2003), and I included it as social 
behavior because it was only observed among group members ( unpublished data).  
 
Fish sampling 
After behavioral observations, all N. obscurus inside the study area were captured using 
gillnets and hand-nets with the help of 30% clove oil diluted in ethanol and brought to the 
laboratory. Here, I measured standard length (SL; to the nearest 0.05 mm) and wet body 
weight (BW; to the nearest 0.001 g). Sex of fish >18 mm was determined by inspection of 
the genital papilla; sexing is unreliable in individuals <18 mm. After measurement, the fish 
were anesthetized and euthanized using an overdose of the anesthetic FA100 (10% solution 
of eugenol; Tanabe Seiyaku Inc.). The right pelvic fin was preserved in 99.9% ethanol and 
the remaining body was fixed in 10% formalin solution. After fixation, all N. obscurus 
bodies were dissected for gonad measurement (GW, mg). 
 
Microsatellite analysis 
Genomic DNA was extracted from all of the ethanol-preserved fin tissue samples using the 
AquaPure Genomic DNA Purification Kit (Bio-Rad). I used seven microsatellite loci for 
genotyping: 758/773 (Schliewen et al. 2001), Chb1 (Munehara et al. 2001), Pzeb1 and 
Pzeb3 (van Oppen et al. 1997), TmoM11 (Zardoya et al. 1996), and UME002 and UME003 
(Parker et al. 1996). Each forward primer was labeled with a fluorescent dye (FAM, HEX, 
NED, and VIC). DNA was amplified using the Qiagen Type-it Multiplex PCR Kit, 
arranging loci with non-overlapping size ranges in each dye, to thus allow co-amplification 
of all microsatellite loci in a single polymerase chain reaction (PCR). PCR was conducted 
in a 5 µl volume containing 1 µl genomic DNA and 2× Qiagen Type-it Multiplex PCR 
Master Mix and microsatellite primer pairs with varying concentrations from 0.03 to 0.09 
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µM, according to the intensity of the respective amplification products. Amplification was 
performed using a GeneAmp® PCR System 9700 (Applied Biosystems), with the following 
program: one cycle at 94°C for 5 min; 35 cycles at 94°C for 30 s, 52°C for 40 s, and 72°C 
for 70 s; and one cycle at 72°C for 20 min. PCR products were analyzed using an ABI 
3130xl Genetic Analyzer (Applied Biosystems) and automatically analyzed using 
GeneMapper® (Applied Biosystems). Characteristics of the seven microsatellite loci are 
listed in the Supplemental table 2.2. One breeding male was not included in the analyses 
because low DNA quality yielded an unreliable microsatellite result.  
 
Statistical analysis 
I used separate linear models (LM), generalized models (GLM) or generalized linear mixed 
models (GLMM) for the analyses. Residuals for all models were checked for 
over-dispersion and heterogeneity (Bolker et al. 2009). All statistical analyses were 
performed in R version 2.14.0 (R Development Core Team 2011). GLMMs were performed 
by using the lme4 package (Bates et al. 2011). 
To investigate the difference of body size between each social rank, I used linear 
models with Gaussian error structure, followed by Tukey HSD post-hoc tests. Using 
separate GLMs, I tested the effect of breeding male body size on breeding male home range 
size, largest female body size, group size, number of breeding females, or helpers, or 
juveniles within his group; respectively. In the model of home range size of the breeding 
male, I used a GLM with gamma error structure and log link function, and in the model of 
largest female body size, I used a GLM with Gaussian error structure and identity link 
function. In the rest of the models, I used GLMs with poisson error structure and log link 
function. I also tested the effects of breeding female body size on breeding female home 
range size, her subgroup size, number of helpers, or juveniles within her subgroup; 
respectively, using separate GLMMs. In each GLMM, the identity of the subgroup number 
was incorporated as a random factor. In the model of breeding female home range size, I 
used a GLMM with gamma error structure and log link function. In the rest of the model, I 
used GLMMs with poisson error structure and log link function. In these LM, GLMs and 
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GLMMs analyses, I performed likelihood ratio test to examine the significance of the 
explanatory variable.  
To investigate the difference in digging, aggressive and feeding behavior between 
social ranks, I used separate GLMs for each behavior, respectively. In each of the models, I 
used GLMs with poisson error structure and log link function. I set breeding female as 
reference category to compare each behavior between social ranks in each of the model, 
because breeding female of other cichlids usually contribute most to territory defense, 
maintenance and to caring for the offspring (DH personal observation). 
To assess differences in gonadal mass among the four different social ranks of 
male N. obscurus (breeding male, independent male, single male, and male helper) and two 
different social ranks of females (breeding female and female helper), I compared gonadal 
mass among social ranks for each sex by using GLMs with gamma error structure and log 
link function, followed by Tukey HSD post hoc test. I performed likelihood ratio test to 
examine the significance of the explanatory variable in GLMs. Next, to examine differences 
in gonadal investment among social ranks for each sex, I followed Tomkins and Simmons 
(2002) and used LMs in which log-transformed gonadal mass was compared among social 
rank, with log-transformed soma mass [log (body mass – gonadal mass)] as covariate, 
including the interaction between social rank and log soma mass. 
Dyadic estimates of KINSHIP genetic relatedness (Goodnight and Queller 1999) 
were calculated using KINGROUP v.2.0 software (Konovalov et al. 2004) using 
background allele frequencies from Konovalov and Heg (2008). I used pairwise relatedness 
to establish whether this fish lives in kin structured groups by comparing among non-group 
members, group members and subgroup members of each pairwise social ranks. 
Relatedness was analyzed with Mann–Whitney U-tests with Bonferroni corrected p-values 
to avoid type I errors.  
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Results 
Group composition and group structure 
In total, I found 17 breeding males, 47 breeding females, 13 single males and 5 independent 
males in the study area (Fig. 2.1a). The 17 breeding males had 1–8 breeding females each 
(median, quartiles = 3, 1, 3, N = 17) and 0–3 single males (median, quartiles = 0, 0, 1, N = 
17) in their home ranges and occasionally visited the group members’ respective shelters. 
Conversely, the independent males were solitary. Body sizes differed between social ranks 
(GLM: χ2 6 = 344.56, P < 0.001) and breeding males were larger than independent males 
(Tukey HSD test: z = -4.06, P < 0.001; Fig. 2.2). Male body size showed a significant 
relationship with the size of his territory, the number of group members and sizes of his 
group members (Table 2.1, 2.2). Breeding females and single males were smaller than 
breeding males (Tukey HSD test: z = -11.99, P < 0.001 and z = -8.04, P < 0.001, 
respectively; Table 2.1), but were of similar size to each other (Tukey HSD test: z = 1.38, P 
= 0.80; Fig. 2.2). Female body size also showed significant relationship with the size of her 
territory and the number and sizes of her subgroup members (Table 2.1, 2.2).  
Breeding females tolerated up to 10 helpers (median, quartiles per subgroup = 1, 0, 
2, N = 47) and up to 4 juveniles in their home ranges (median, quartiles per subgroup = 0, 0, 
1, N = 47). Larger breeding males and larger breeding females had more helpers and 
juveniles (Table 2.1, 2.2). Of 57 helpers, 26 were males, 26 were females. For the 
remaining 5, assessing their sex was impossible due to small gonads. Body sizes of male 
and female helpers did not significantly differ (Tukey HSD test: z = -2.17, P = 0.29, Fig. 
2.2). 
 
Behavior 
All breeding males, independent males, breeding females and single males had their own 
shelters within their home range (Fig. 2.1b-d). Helpers and juveniles typically used the 
same shelter as the breeding female of their respective subgroup. Fish often entered their 
shelter and spent time inside their shelters during the behavioral observation period (Table 
2.3). Furthermore, breeding males moved freely within their home ranges and frequently 
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entered breeding females’ shelters (median and quartiles / 30 min = 3, 2, 3.5, N = 14) and 
the shelter of single males (0, 0, 1, N = 14). Breeding females and single males attempted to 
prevent breeding males from entering their home ranges by side-by-side swimming, or from 
entering their shelters by using intense bumping to push them away from the entrance of 
their shelters (median and quartiles of behavior toward the breeding male /30 min: breeding 
female, 1, 0, 1, N = 38; single male, 1, 0.5, 1, N = 11). Breeding males and females showed 
no significant difference in digging/removing sand but males showed increased aggression 
towards intruders (Table 2.3, 2.4). On the other hand, single males showed less 
digging/removing sand from their shelters compared to breeding females and showed more 
aggression towards intruders (Table 2.3, 2.4). Helpers dug and removed sand from the 
breeding female’s shelters of the same subgroup and showed aggressive behavior towards 
con- and hetero-specifics, but did so significantly less frequently than breeding females 
(Table 2.3, 2.4). Helpers also showed submissive behavior mostly towards breeders of their 
own group (median and quartiles / 30 min = 0.5, 0, 1.75, N = 54), except for five cases in 
which it was directed towards breeders of another group or subgroup. Feeding rates of fish 
in each social rank differed significantly (Table 2.3, 2.4).  
 
Reproductive potential of each social rank 
Gonads of independent males, single males, and helpers of both sexes appeared very thin 
and underdeveloped, and accordingly, I found significant difference in gonad masses 
between social ranks in each sex (GLM: χ2 3 = 185.83, P < 0.001 in males, χ2 1 = 99.49, 
P < 0.001 in females). Gonad masses of independent males, single males, and male and 
female helpers weighed significantly less than those of both breeding males and females 
(Tukey HSD test: z = -7.36, P < 0.001, z = -10.36, P < 0.001, z = -11.19, P < 0.001, 
respectively, in males; z = -11.13, P < 0.001 in females; Table 2.5). The analysis of testis 
investment in males showed a significant interaction of social rank and log soma mass, 
while the same was true of ovary investment in females (LM: t = –7.14, P < 0.001 in male, t 
= –2.86, P = 0.006 in female; Fig. 2.3 and Table 2.6).  
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Relatedness 
I calculated pairwise mean relatedness among breeding males, breeding females, single 
males, and helpers/juveniles, and compared among same subgroup members, same group 
but not the same subgroup members, and different group members of each social rank (Fig. 
2.4). The mean relatedness of breeding males vs. helpers/juveniles from the same group was 
significantly higher than that of individuals from different groups (mean relatedness ± SE, 
within group: 0.33 ± 0.03, N = 90; between group: 0.03 ± 0.01, N = 1430; Mann–Whitney 
U-test, z = 9.40, P < 0.001; Fig. 2.4a); I found the same trend for breeding females vs. 
helpers/juveniles from the same subgroup, and between subgroups within the same group 
(mean relatedness ± SE, within subgroup: 0.42 ± 0.02, N = 93; between subgroup from the 
same group: 0.15 ± 0.01, N = 301; Mann–Whitney U-test, z = 8.63, P < 0.001; Fig. 2.4b). 
These results suggest that helpers and juveniles are related to breeding males of the same 
group and to females of the same subgroup. Furthermore, mean relatedness among 
helpers/juveniles also declined from subgroup to non-subgroup, to non-group members 
(mean relatedness ± SE, within subgroup: 0.39 ± 0.02, N = 181; between subgroups from 
the same group: 0.20 ± 0.01, N = 346; and between groups: 0.04 ± 0.00, N = 3938; Mann–
Whitney U-test, within subgroup vs. between subgroup, z = 8.63, P < 0.001; between 
subgroup vs. between group, z = 10.98, P < 0.001; Fig. 2.4b), suggesting that helpers and 
juveniles are full siblings in the same subgroup and are half siblings in the same group. 
The relatedness of breeding males to single males was highly variable within the 
same group (range of relatedness = –0.30 to 0.67), and the mean relatedness among 
breeding males and single males was much higher than that between different groups (mean 
relatedness ± SE, within group: 0.32 ± 0.12, N = 8; between group: 0.07 ± 0.02, N = 136; 
Mann–Whitney U-test, z = 2.17, P = 0.03; Fig. 2.4a). This result indicates that some single 
males were offspring, or full or half siblings of the breeding male. The within-group 
relatedness of single males to helpers/juveniles was also much higher than that between 
groups (mean relatedness ± SE, within group: 0.21 ± 0.04, N = 49; between group: 0.02 ± 
0.01, N = 806; Mann–Whitney U-test, z = 4.97, P < 0.001; Fig. 2.
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males are half siblings of helpers and juveniles of the same group. 
Finally, the mean relatedness of breeding males vs. breeding females within the 
same group was similar to the mean relatedness between groups (mean relatedness ± SE, 
within group: 0.05 ± 0.05, N = 41; between group: 0.03 ± 0.01, N = 647; Mann–Whitney 
U-test, z = 0.07, P = 0.95; Fig. 2.4a), suggesting that breeding females are not related to 
breeding males of the same group. Furthermore, mean relatedness among breeding females 
within the same group was not significantly different compared to the mean relatedness 
between breeding females with other groups (mean relatedness ± SE, within group: 0.13 ± 
0.03, N = 59; between group: 0.06 ± 0.01, N = 844; Mann–Whitney U-test, z = 1.93, P = 
0.10; Fig. 2.4b), indicating that breeding females of the same group are unrelated.  
 
Discussion 
I provided the first comprehensive description of the cooperative breeding system of 
Neolamprologus obscurus, a Lake Tanganyika cichlid previously unknown to show such 
behavior. I also obtained novel results on group structure, reproductive potential, and 
relatedness. 
 
Cooperative breeding 
Helpers of N. obscurus were allowed to remain inside breeders’ home ranges, and assisted 
the breeding pair with territory maintenance (digging/removing sand from shelters) and 
defense (aggressive behavior toward intruders). Furthermore, helpers showed submissive 
behaviors mostly toward the breeding male and female of their own group and subgroup, 
which has also been reported in other cooperatively breeding cichlids, e.g., Neolamprologus 
pulcher/brichardi (Taborsky 1984, 1985; Wong and Balshine 2010) and N. savoryi (Heg et 
al. 2005). However, I did not observe direct brood care behavior, such as cleaning and 
fanning of eggs or caring for fry, maybe because eggs were laid inside the shelter and 
juvenile spent all the time inside the shelter. Still, as most helpers remained in or near the 
shelters in which juveniles spend most of their time and chased intruders away from the 
breeding female’s home range, they are likely to provide survival benefits to juveniles. 
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Further observations and experimental verifications will help to better understand the 
effects of helping behavior on survival (e.g., Brouwer et al. 2005). 
Most of the N. obscurus helpers were closely related to the breeding pair of the 
same group or subgroup. In many cases, helpers were genetically related to both breeders, 
which would facilitate kin selected benefits in this species (Dierkes et al. 2005). However, 
high variability in pairwise helper vs. breeding pair relatedness of the same group and/or 
subgroup (as in other cichlid species, e.g., N. pulcher: Dierkes et al. 2005; N. multifasciatus: 
Kohler 1998) suggests that some of the helpers were not related to the breeding pair of their 
own group and/or subgroup. Thus, opportunities for kin selected benefits could exist for 
many but not all helpers in N. obscurus. 
 
Group structure, mating systems, and reproductive potential 
The mating system of N. obscurus is harem polygyny, wherein larger males retain more 
females and offspring. This pattern of mating appears to be common in cooperatively 
breeding cichlids: N. multifasciatus and N. savoryi also show a haremic mating system 
(Kohler 1998; Heg et al. 2005), and the majority of females were also part of a polygynous 
group in a detailed study of N. pulcher/brichardi (Desjardins et al. 2008). The relationship 
between soma mass and gonads of both sexes indicates that males and females follow a 
clear ontogenetic trajectory. They increase their soma (but not their gonads, which remain 
regressed) up to ca. 0.0 log soma mass in male and ca. -0.5 log soma mass in female (Fig. 
2.3). At that time point, the probability of males and females to acquire a territory or 
breeding position starts to rapidly increase and at the same time their gonads are also 
developed. Interestingly, there is no indication of a flattering-off of this effect in breeding 
males and females, which may be due to older and larger breeding males having more 
females to fertilize, and older and larger breeding females laying relatively more eggs 
compared to younger and smaller breeding females. 
In N. obscurus, breeding females and single males were significantly smaller than breeding 
males. The ovaries of breeding females were significantly larger than those of female 
helpers, and testis size of single males were similar to those of male helpers, but smaller 
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than those of breeding males. The growth rates of breeding females and single males did not 
differ in the field (HT unpublished data), indicating that females can start breeding earlier 
and at a smaller size than males. In contrast, single males cannot easily compete for 
territorial vacancies or mates because in doing so, they must compete with other males (see 
e.g., Heg et al. 2011). The testis mass of single and helper males suggest reproductive 
suppression by the breeding male, which was also found in N. pulcher, or investment in 
growth at the expense of gonads (Fitzpatrick et al. 2005, 2008). If the benefit of staying 
inside the natal group exceeds the costs of dispersal for single males (e.g., due to predation 
risk, competitive costs and energetic costs for digging a new shelter), delayed dispersal 
from the natal group will be the better choice (Heg et al. 2004).  
 
Single males 
Notably, single males which were highly related to breeding males but did not help them 
were observed in approximately 45% of breeding male home ranges. Pairwise relatedness 
suggests that single males were often offspring, or full or half siblings of the breeding male 
of the same group. Such males were only rarely reported in N. savoryi and N. pulcher 
(“independents” in Heg et al. 2005; Wong and Balshine 2010). Single males removed sand 
from their shelters and showed aggressive behavior toward intruders of their home ranges, 
while their shelters were often entered by the breeding male. Why single males were 
tolerated by breeding males remains unknown, but I propose two non-mutually exclusive 
explanations. First, the diet of N. obscurus consists largely of benthic animals, including 
shrimp, mostly found between and under the shelter rocks. Thus for N. obscurus, the shelter 
is potentially also an important feeding resource, and breeding males might exploit the 
shelters of single males accordingly. Single males maintain their shelters not to be buried by 
the sand, and thus breeding males were able to access to the feeding resource in his territory. 
Second, single males provide benefits to their breeding male due to shared territory defense; 
i.e., the likelihood of an intruder leaving the breeding male’s home range is increased by the 
presence of single males. In both cases, the likelihood of toleration might be enhanced 
because single males do not impose significant costs on the fitness of breeding males (as 
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they are prevented from participating in reproduction by breeders, or they are strategically 
suppressed to invest their gonads; Fitzpatrick et al. 2005). As most single males are highly 
related to the breeding male of their own group, parental nepotism should also allow single 
males to stay (e.g., Ekman et al. 1999b).  
From the perspective of single males, there also might be several possible reasons 
to stay. First, living in a group might be beneficial for single males e.g. due to group 
augmentation (Kokko et al. 2001). Second, single males may be in the process of 
“budding-off” their own territory, while waiting to grow sufficiently to recruit their own 
females (e.g., Komdeur and Edelaar 2001). Indeed, some of the single males extended their 
home ranges and overlapped with small females outside of the breeding male’s home range, 
which support this idea (HT unpublished data). Third, a chance of territory inheritance 
exists for single males if the breeding male disperses or dies (Balshine et al. 1998). All of 
the points are not mutually exclusive, and future work will resolve the factors affecting 
single males to stay inside the breeding male’s home range. 
 
Dispersal patterns inferred from pairwise relatedness estimates 
I used pairwise relatedness estimates to infer likely patterns of dispersal in N. obscurus, as 
direct dispersal observations could not be obtained. I expected that individual N. obscurus 
typically disperse to obtain an immediate breeding position or join a new group as a helper 
(Stiver et al. 2004; Wong and Balshine 2010). Many helpers were highly related to the 
breeding female and breeding males, suggesting that juveniles are mostly the retained 
offspring of these breeding pairs, which became helpers in their natal group. Furthermore, 
the relatedness of single and breeding males of the same group were high, while that of 
breeding females and males were low. As single males and breeding females were of 
similar size, dispersal patterns are most likely sex-dependent in N. obscurus. While female 
helpers will disperse from their natal group and become breeding females in other groups, 
male helpers will become single males in their natal group or remain independent.  
The low relatedness among breeding females both within and among groups adds 
more support to the notion that breeding females may immigrate into breeding male’s 
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territory from other groups. The distance between the nearest groups in my study area was 
0.38 m ± 0.35 SD (N = 17 groups; Fig. 2.1a). Thus, movement between neighboring groups 
should be relatively easy for N. obscurus. Alternatively, females may not disperse, and a 
high turnover occurs among breeding males (i.e., death or emigration). This explanation is 
less likely, however, because if the breeding male is replaced, the relatedness of not only 
breeding females and males, but also of single and breeding males should drop (except if a 
male full sibling of the current breeding male takes the breeder position). The discrepancy 
between these two pairwise estimates corroborates my prediction that females will show 
natal dispersal, whereas males are more likely to stay, at least until they are sufficiently 
grown. In a previous study of N. pulcher dispersal, males dispersed farther and more often 
than females (Stiver et al. 2004, 2007). In birds, males may benefit most from philopatry, as 
a male’s territory quality can influence both mate attraction and the survival of young 
(Pusey 1987). I conclude that female N. obscurus might disperse from the natal group 
earlier than males, and that this difference will reflect intersexual differences in the timing 
of reproductive onset associated with harem mating systems. Additional work is needed to 
determine precisely how dispersal varies with individual sex and size to fully explore the 
relationship between rank change and dispersal, and to shed more light on the factors 
driving dispersal patterns in cooperative breeding cichlids. 
 
Conclusion 
In summary, I introduced a remarkable new example of cooperative breeding system in the 
Lake Tanganyika cichlid Neolamprologus obscurus and provided evidence for sex biased 
dispersal in this species. The fact that a recent phylogeny places N. obscurus in a different 
lineage than all other cooperatively breeding cichlids (Sturmbauer et al. 2010) underlines 
the potential of this species helping us to understand the evolution of cooperative systems in 
fish.   
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Figure 2.1  (a) Home range distribution of N. obscurus in the study area (20 m × 7 m): home 
ranges of breeding males (shaded) and independent males (open). The bar represents 2 m in (a). (b–
d) Schematic representations of home ranges of breeding males (Bm: solid line), breeding females 
(Bf: dotted line), and single males (Sim: broken line) of three different groups (the number of 
helpers is listed per breeding female). (b) A typical group; (c) the group with the most breeding 
females; (d) the group with the most single males. Shelters frequently used by the breeding male are 
in black, whereas all other shelters and stones are shown in gray. The bar represents 1 m in (b), (c), 
and (d) 
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Figure 2.2  Histogram of body sizes [standard length (SL): mm] of N. obscurus group members 
and independent males found in the study area 
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Figure 2.3  Relationships between log soma mass and log gonadal mass in each (a) male and (b) 
female social rank. The thick solid, thin solid, dashed, and gray solid lines represent breeding males 
and females, independent males, single males, and male and female helpers, respectively 
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Figure 2.4  Mean relatedness (±SE) of (a) breeding males (Bm), (b) breeding females (Bf), (c) 
single males (Sim), and (d) helpers/juveniles to members of the same subgroup (white circle), 
different subgroups within the same group (gray circle), and between non-group members (black 
circle). A group is defined by the home range of the breeding male and a subgroup is defined by the 
home range of the breeding female (see results and examples Fig. 2.1b-d). NS = not significant, **, 
P < 0.01; ***, P < 0.001 from Mann–Whitney U-tests after Bonferroni correction.  
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Table 2.1  Description of home ranges (cm2), (sub)group sizes, largest female size (mm) and group 
composition of breeding males and females 
 
Variable N
       Breeding male home range size 14
       Breeding female home range size 38
       Group size 17
       Largest female size within the group 17
       Number of breeding females per group 17
       Number of helpers per group 17
       Number of juveniles per group 17
       Subgroup size 47
       Number of helpers per subgroup 47
       Number of juveniles per subgroup 47
0 - 12
942.1 - 21462.1  6649.0 ± 6859.4
mean ± SD range
170.0 - 3032.7
2 - 19
24.00 - 36.00
1 - 8
  711.1 ± 590.6
  7.94 ± 5.83
  31.55 ± 2.97
  2.77 ± 2.05
  3.35 ± 3.84
  2.31 ± 1.79
  1.21 ± 1.76
  0.85 ± 1.23
0 - 10
1 - 11
0 - 10
0 - 4
  2.35 ± 2.74
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Table 2.2  Effects of (a) breeding male body size (SL) and (b) breeding females body size (SL) on 
home range, (sub)group size and numbers of the different group members; from separate GLMs. 
Depicted are the regression coefficients with standard error with results of likelihood ratio test. 
 
Variable N β ± SE χ2 P
(a) Effect of breeding male body size (SLmm)
        Breeding male home range size 14 9.79 ± 1.78 23.61 <0.001
        Largest female size within the group 17 0.54 ± 0.14 12.18 <0.001
        Group size 17 0.14 ± 0.03 31.54 <0.001
        Number of breeding females within the group 17 0.12 ± 0.05 7.95 0.004
        Number of helpers within the group 17 0.22 ± 0.05 26.55 <0.001
        Number of juveniles within the group 17 0.24 ± 0.06 20.73 <0.001
(b) Effect of breeding female body size (SLmm)
        Breeding female home range size 38 3.04 ± 0.64 17.64 <0.001
        Subgroup size 47 0.16 ± 0.04 21.11 <0.001
        Number of helpers within the subgroup 47 0.37 ± 0.07 37.49 <0.001
        Number of juveniles within the subgroup 47 0.24 ± 0.06 16.95 <0.001
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Table 2.3  Description of time spending inside the shelter and mean frequency of digging, 
aggressive and feeding behavior in each social rank. 
 
Social Rank N
Time spend inside the shelter (min)
    Breeding male 14
    Breeding female 38
    Independent male 4
    Single male 11
    Helper 54
Digging
    Breeding male 14
    Breeding female 38
    Independent male 4
    Single male 11
    Helper 54
Aggressive
    Breeding male 14
    Breeding female 38
    Independent male 4
    Single male 11
    Helper 54
Feeding
    Breeding male 14
    Breeding female 38
    Independent male 4
    Single male 11
    Helper 54
65.91 ± 48.93
77.66 ± 81.21
48.72 ± 63.70
Behavior
4.75 ± 4.27
8.27 ± 7.73
5.45 ± 4.64
0.89 ± 1.97
84.14 ± 148.42
31.75 ± 36.28
19.00 ± 17.89
4.67 ± 8.22
11.21 ± 4.44
mean ± SD / 30 min
6.13 ± 5.39
16.69 ± 7.43
10.34 ± 9.66
13.59 ± 8.42
19.02 ± 9.47
24.25 ± 20.81
13.00 ± 13.83
17.24 ± 17.65
 
  
 31 
Table 2.4  Effect of social rank on digging, aggressive and feeding behavior in each social rank. 
 
Explanatory variable z P
Digging Intercept 72.86 <0.001
Social Rank
     Breeding male 1.34 0.18
     Breeding female - -
     Independent male 3.14 0.002
     Single male -3.06 0.002
     Helper -17.63 <0.001
Aggressive Intercept 24.39 <0.001
Social Rank
     Breeding male 6.82 <0.001
     Breeding female - -
     Independent male -0.57 0.57
     Single male 3.32 <0.001
     Helper -11.32 <0.001
Feeding Intercept 236.43 <0.001
Social Rank
     Breeding male 2.33 0.02
     Breeding female - -
     Independent male -9.87 <0.001
     Single male -3.96 <0.001
     Helper -17.39 <0.001
β ± SE
0.34 ± 0.11
2.85 ± 0.04
0.10 ± 0.07
0 (reference)
0.42 ± 0.13
Response variable
 -0.28 ± 0.09
1.70 ± 0.07
0.72 ± 0.11
 -0.14 ± 0.24
 -1.31 ± 0.07
0 (reference)
 -1.81 ± 0.16
0.08 ± 0.03
 -0.89 ± 0.09
 -0.16 ± 0.04
-0.47 ± 0.03
0 (reference)
4.35 ± 0.02
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Table 2.5  Mean gonad mass in each social rank of male and female of N. obscurus. Letters in 
statistical difference denote statistical difference by Tukey HSD tests. 
 
Social rank N Gonad mass (mg)
Males
    Breeding males 17 4.8 ± 3.7
    Independent males 5 0.2 ± 0.4
    Single males 13 0.2 ± 0.4
    Male helper 26 0.4 ± 0.6
Females
    Breeding females 47 3.2 ± 2.2
    Female helper 26 0.3 ± 0.5
a
b
statistical difference
a
b
b
b
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Table 2.6  Effects of log soma mass and social rank on log gonad mass in males and females of N. 
obscurus. 
 
 Variable t P
Males
     Intercept -34.88 <0.001
     Social rank
       Breeding male - -
       Single male -1.74 0.09
       Independent male -1.73 0.09
       Helper male 0.64 0.53
     Log soma mass 7.64 <0.001
     Social rank × Log soma mass
       Breeding male × Log soma mass - -
       Single male × Log soma mass -5.76 <0.001
       Independent male × Log soma mass -3.18 <0.001
       Helper male × Log soma mass -5.51 0.002
Females
     Intercept -41.42 <0.001
     Social rank
       Breeding female - -
       Helper female -2.67 <0.001
     Log soma mass 6.25 <0.001
     Social rank × Log soma mass
       Breeding female × Log soma mass - -
       Helper female × Log soma mass -2.32 0.02
0 (reference)
-0.93 ± 0.40
-1.77 ± 0.32
-2.34 ± 0.06
0 (reference)
-0.60 ± 0.22
1.37 ± 0.22
0.07 ± 0.12
2.20 ± 0.29
0 (reference)
-2.02 ± 0.35
-1.59 ± 0.50
β ± SE
-3.05 ± 0.09
0 (reference)
-0.18 ± 0.10
-0.19 ± 0.11
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Supplemental figure 2.1  Neolamprologus obscurus in their natural habitat. Upper individual is 
dominant female and lower individual is helper of her subgroup (see text for the definition of social 
rank and subgroup). 
 
  
 35 
Supplemental table 2.2  Number of adults successfully typed (N), number of different alleles (NA), 
observed (HO), and expected homozygosities (HE); tests for Hardy-Weinberg equilibrium (HWE); 
and estimated null allele frequencies (Null). 
 
Locus N NA HO HE HWE Null Reference
758/773 179 11 0.788 0.753 0.30 -0.0280   Schliewen et al. (2001)
Chb1 179 19 0.946 0.917 0.12 -0.0180   Munehara et al. (2001)
Pzeb1 179 9 0.700 0.665 0.71 -0.0285   van Oppen et al. (1997)
Pzeb3 179 6 0.729 0.695 0.42 -0.0248   van Oppen et al. (1997)
TmoM11 179 7 0.354 0.338 0.53 -0.0258   Zardoya et al. (1996)
UME002 179 2 0.225 0.232 0.84 0.0134   Parker et al. (1996)
UME003 179 18 0.854 0.873 0.33 0.0113   Parker et al. (1996)  
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Chapter 3 
 
Predation pressure promotes delayed dispersal in the cooperatively 
breeding cichlid Neolamprologus obscurus  
 
Abstract  
Helpers in cooperative breeding animals are usually delayed in dispersal from the natal 
territory, and it is widely accepted that ecological constraints such as habitat saturation or 
high costs of dispersal promote the evolution of delayed dispersal. Predation risk is also an 
important factor which will shape the dispersal patterns of animals, but it is scarcely 
investigated how do the predation pressure affects the actual dispersal patterns of helpers. I 
investigated the dispersal patterns of helpers by direct observation and by inference from 
molecular markers in the cooperatively breeding cichlid Neolamprologus obscurus at two 
sites of different predation risk in Lake Tanganyika. From three months direct observations, 
I found that dispersal distance of the dispersers was much shorter and body size was larger 
at high predation risked area than those at low risked area. Furthermore, from the 
relationship between helper’s body size and helper’s relatedness to the dominants, helpers 
dispersed according to their body size in the low predation risked area, whereas helpers will 
usually stay at the natal territory in the high predation risked area much longer period. 
Habitat availability was not different between the two areas, suggesting habitat saturation 
did not account for the dispersal patterns, presumably due to high cost of making and 
maintaining the new shelter, and the risk of subsequent solitary living. My results suggest 
that predation pressure will be the main factors limiting the dispersal of helpers in this 
species.  
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Introduction 
In cooperative breeding, helpers forgo their own reproductive opportunities of their own 
and assist the dominants of their social group to raise the young (Brown 1987, Emlen 1991; 
Koenig and Dickinson 2004, Cockburn 2006). The majority of these helpers are known as 
individuals that are delayed in dispersal from their natal territory, and delayed dispersal is 
widely regarded as pre-requisition of cooperative breeding (Hatchwell and Kondemur 2000). 
However, delayed dispersal itself does not always lead helpers to help raising young of 
dominants (Gayou 1986, Veltman 1989, Ekman et al. 1994). Therefore, helpers have two 
separate decision steps, to stay in the dominant’s territory and to help the dominants, and 
these two tightly linked questions “why helpers delay dispersal” and “why helpers help” are 
both have to be explained to well understand the cooperatively breeding system (Emlen 
1982a, b, 1991; Brown 1987; Cockburn 1998).   
 The factors promoting the offspring to delay dispersal has been well studied in 
bird cooperative breeders (see Emlen 1982a, b, 1991; Stacey and Ligon 1987, 1991; Koenig 
et al. 1992; Cockburn 1996; Hatchwell and Kondemur 2000 for the historical discussion for 
the benefits of philopatry hypothesis), and now it is widely accepted that dispersal of 
offspring are decided by the balance of dispersal costs and benefits of staying at the natal 
territory (Hatchwell and Kondemur 2000). Saturation of preferable or high quality habitat 
(habitat saturation hypothesis: Selander 1964; Emlen 1984; Woolfenden and Fitzpatrick 
1984), availability of mating partner (Rowley 1965, 1981; Maynard Smith and Ridpath 
1972; Reyer 1984; Clarke 1989; Marzluff and Balda 1990; Purret-Jones and Lewis 1990; 
Walters et al. 1992), and probability of successful breeding (Reyer 1980; Emlen 1982 a, b; 
Stacey and Ligon 1987) affect the dispersal of helpers, and these are known as ecological 
constraint hypothesis (Emlen 1982 a, b, 1995; Hatchwell and Komdeur 2000). However, 
recent empirical studies and theoretical models question the effect of habitat saturation (e.g. 
Siberian jay: Ekman et al. 2001; Kokko and Ekman 2002, speckled warbler: Gardner et al. 
2003, carrion crow: Baglione et al. 2005, prairie voles: Lucia et al. 2008, see also Russell 
2004 for the other examples in mammals), suggesting that these constraints might be vary 
among species and/or population within the same species.  
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On the other hand, predation risk, which is also one of the important components 
of ecological constraints hypothesis, is much more focused in mammals, fish and insects 
(Choe and Crespi 1997; Solomon and French 1997; Balshine et al. 2001; Heg et al. 2004; 
Russell 2004, but see Ligon and Ligon; DuPlessis 1992 for examples in birds). Under high 
predatory conditions, dispersal of helpers will be risky and staying at a natal territory to 
avoid predation will be an optimal option both for helpers and genetical parents, due to 
increased survival of these helpers. Moreover, helpers and dominants will gain benefits 
through group augmentation by forming and living in groups (Kokko et al. 2001), e.g. due 
to early detection of predators in such conditions (Armitage 1981; Clutton-Brock et al. 
1999a, b), and groups will be a refugee sites known as “safe heavens” for helpers (Kokko 
and Ekman 2002; Bergmüller et al. 2005). Therefore, predation pressure is predicted to 
directly affect and limit the dispersal patterns of helpers. However, investigation of actual 
dispersal patterns among different predatory pressure under natural condition is scarce.  
Examples of cooperatively breeding fish is known from almost all cichlids 
endemic to Lake Tanganyika (Heg and Bachar 2006), and individuals are in danger of 
predation risk from large piscivorous fishes, which widely inhabit on the rocky shorelines in 
the lake (Fryer and Iles 1972; Hori et al. 1993; Abe et al. 1997; Hori 1997). Field 
experimental studies in cooperatively breeding fish Neolamprologus pulcher suggest that 
high predation pressure reduces the survival rate of helpers and limits the helper’s dispersal, 
which supports ecological constraint hypothesis. Habitat saturation also limits the dispersal 
of helpers in the laboratory experiment (Bergmüller et al. 2005b; Heg et al. 2010), while 
field observation suggests the opposite results (Heg et al. 2008). This might probably be due 
to the relative importance of other factors such as predation risks differ between laboratory 
and natural condition, suggesting that multifacet verifications at the field are needed for 
comprehensive understanding of delayed dispersal. On the other hand, recent progressive 
molecular techniques enable us to infer the direct dispersal patterns in animals, in addition 
to the direct observation of dispersal events. Cooperative breeders in fish usually shows 
size/age dependent dispersal patterns (N. pulcher: Dierkes et al. 2005; N. savoryi: D Heg et 
al. unpublished data), thus I may able to infer the dispersal pattern of helpers and juveniles 
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from the relationship between their size and relatedness with their dominants, and will be 
powerful tool to investigate dispersal patterns of helpers and juveniles in addition to the 
direct dispersal observations.   
In this study, I investigated group composition, dispersal of helpers inferred from 
molecular markers and direct observation of dispersal events for three months period at the 
two environmentally different shallow and deep area in cooperative breeding cichlid 
Neolamprologus obscurus under natural conditions. My investigations at the field suggest 
that ecological factors, especially predation risk is different between the deep and shallow 
study sites, in addition to the unoccupied preferable habitat for this species at both of the 
areas. I thus first assessed (1) predation risk and remained preferable habitat in the two 
different areas within the population, and then compared (2) group composition and 
dispersal patterns by sampling, direct observation of dispersal events and using 
microsatellite DNA analysis to test whether predation risks or habitat saturation will limit 
the dispersal of helpers in this species.  
 
Materials and Methods 
Subject species  
Neolamprologus obscurus is a small benthic cichlid fish that lives in narrow holes under 
stones with sediment rich intermediate substrate in Lake Tanganyika. This fish shows 
monogamy and polygyny, with zero to 12 helpers in a territory of one dominant breeding 
female (Chapter 2). These dominant breeding female and helpers form a subgroup; the 
home ranges of these helpers and dominant breeding female overlap each other, share the 
shelters and defend against territory intruders (see Chapter 2 for the detail of the subgroup 
definition). Helpers of both sexes join in territory maintenance (digging and removing sand 
from the shelter of their own subgroup) and territory defense (aggressive behavior toward 
intruded con- and hetero-specifics).   
 
Study site and general methods 
I conducted field observations at the southern tip of Lake Tanganyika, at Nkumbula Island 
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near Mpulungu (8°45.2’S, 31°05.2’W), Zambia. Data were collected by SCUBA diving 
from August to December 2013. The underwater landscape of this site is steep sandy slope 
with continuous partially exposed stones, and N. obscurus dominantly inhabit continuously 
at this site (HT personal observations). I set the study area at two places in this site; the 
shallow place (6-8m depth) and the deep place (11–13m depth). I put a 4 x 8 m2 quadrat 
with subdivision of 1m grid using strings to assess the habitat measurement and to easily 
record the territory of N. obscurus. Topographies of the bottom of each quadrat were 
recorded by Canon G15 digital camera, and subsequently mapped by analyzing the recorded 
movies by Machintosh personal computer with Quicktime player ver10.4. The two study 
sites were 21.5m apart. 
I first conducted observation to identify each individual by natural stripes of the 
body trunk and mark the territory in the study area. Then I randomly selected 16 groups of 
N.obscurus, and all of the group members of 16 groups were regarded as focal individuals (I 
used the definition of “group” from Chapter 2). These focal individuals were monitored 
through study period (see dispersal recordings for details). 
 
Environmental measurement 
The size of the shelter entrance, which might be related with the size of intruding predators, 
will directly affect predation risks for the small substrate brooding cichlids in the shoreline 
of the lake (Takahashi et al. 2009). Thus, I randomly selected 50 entrances of the shelter of 
N. obscurus in each area, and measured the maximum diameter of hypothetical circle which 
fit to the entrance of the shelter.  
For the assessment of predation risk, I conducted 9 censuses during the study 
period in each area on the day time (9:00 – 15:00). In each census, I recorded and counted 
all fishes that were found in every 1 m ×1m square of the quadrat. A total of 25 fish 
species of 15genera were recorded, and I categorized these 25 species into four fish types as 
follows: (1) predators: Caecomastacembellus moorii, Ctenochromis horei, Lamprologus 
callipterus, L. lemairii, Lepidiolamprologus attenuatus, L. elongates, Neolamprologus 
cunningutoni, N. fasciatus, Perissodus microlepis ; (2) shelter competitors: Neolamprologus 
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pulcher, Telmatochromis temporalis ; (3) food competitors: Caecomastacembelus 
platysoma, Gnathochromis pfefferi, Lobochilotes labiatus, Neolamprologus mondabu, N. 
mustax, N. tetracanthus ; (4) others: Eretmodus cyanostictus, Limnotilapia dardenii, 
Oreochromis tanganicae, Petrochromis fasciolatus, P. polyodon, Simochromis pleurospilus, 
Telmatochromis vittatus, Xenotilapia spp. Of these categories, I used predators, shelter 
competitors and food competitors in the subsequent analyses. 
Finally, to evaluate the vacant area of the preferred habitat within both places, I 
randomly selected and took the pictures of 11 cells of 1m2 squares in the quadrat, and 
calculated the area of exposed stones as a potential shelter for N. obscurus. The 
measurement was calculated by Image J using a Macintosh personal computer. 
 
Dispersal recordings and sampling 
I checked each members of selected 16 groups within every week during the study period, 
and dispersal events of the fish were recorded ad libitum. Most of the individuals shuttled 
between the current group and a destination group several times before the dispersal events 
complete (i.e. the condition when disperser shows no shuttling and stay at the destination 
group), and when unidentified individuals from the outside of the study area were observed 
within the quadrat, such individuals were regarded as potential dispersal individuals, 
additionally identified by natural markings, and observed until they reached to the shelters 
of the potentially current group. These individuals typically received aggression by the 
group members of the visited group while wandering the areas of other group, but received 
no aggression or even received submissive displays from potentially current group members 
as like in among normal group members. I thus regarded and marked the latter groups as 
current group of these pre-dispersed individuals. These groups were checked in addition to 
the 16 group members from when these events were once observed, and were also 
additionally mapped. I regarded these individuals as dispersal individuals when they stayed 
more than one week in the destination group, and I calculated their dispersal distance from 
their original territories.   
 After three months observation period, I captured all of the 16 group members of 
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the two areas by using gillnets and hand-nets with the help of 30% clove oil diluted in 
ethanol and brought them to the laboratory. In the laboratory, I measured standard length 
(SL; to the nearest 0.05 mm) and wet body mass (BM; to the nearest 0.001 g). After 
measurement, the fish were anesthetized and euthanized using an overdose of the anesthetic 
FA100 (10% solution of eugenol; Tanabe Seiyaku Inc.). I dissected the fish and sex was 
determined on the basis of the gonadal development. The right pelvic fin or tail fin of the 
fish was preserved in 99.9% ethanol.  
 
Microsatellite analysis and relatedness calculation 
For the microsatellite analysis, I used all of the 16 group members of two places plus 40 
matured individuals from the entire population for calculation of background allele 
frequency. I extracted genomic DNA from the ethanol preserved fin tissue samples by using 
the Wizard® Genomic DNA Purification Kit (Promega). I used eleven microsatellite loci 
for genotyping: 758/773 and ULI2 (Schliewen et al. 2001), Chb1 (Munehara et al. 2001), 
GM264 (Albertson et al. 2003), NP101 (LOC101: Brandtmann et al. 1999), Pzeb 1 and 
Pzeb 3 (van Oppen et al. 1997), TmoM7 and TmoM11 (Zardoya et al. 1996), UME002 and 
UME003 (Parker et al. 1996). Each forward primer was labeled with a fluorescent dye 
(FAM, HEX, NED, and VIC). DNA was amplified using the Qiagen Type-it Multiplex PCR 
Kit, arranging loci with non-overlapping size ranges in each dye, to thus allow 
co-amplification of all microsatellite loci in a two polymerase chain reaction (PCR). PCR 
was conducted in a 5µl volume containing 1µl genomic DNA and 2 × Qiagen Type-it 
Multiplex PCR Master Mix and microsatellite primer pairs with varying concentrations 
from 0.03 to 0.10 µM, according to the intensity of the respective amplification products. 
Amplification was performed using GeneAmp® PCR System 9700 (Applied Biosystems), 
with the following program: one cycle at 94°C for 5 min; 35 cycles at 94°C for 30 sec, 
52 °C for 40 sec, and 72 °C for 70 sec; and one cycle at 72 °C for 20 min. PCR products 
were analyzed using an ABI 3130 Genetic Analyzer (Applied Biosystems) and 
automatically analyzed using GeneMapper® 4.0 (Applied Biosystems). Characteristics of 
the eleven microsatellite loci are listed in the Supplementary table 3.1. 
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 Dyadic estimates of KINSHIP genetic relatedness (Goodnight and Queller 1999) 
between a helper and a dominant female of the focal group were calculated using 
KINGROUP ver.2.0 software (Konovalov et al. 2004). I used eleven microsatellite loci of 
all the extracted DNA to calculate background allele frequencies by means of Konovalov 
and Heg (2008).  
 
Statistical analysis 
To see the difference of shelter entrance or preferable unoccupied stone area for N. 
obscurus between the study areas, I used generalized linear models (GLMs) with gamma 
error distribution and log link in the separate model, respectively. In the models, I set study 
areas (shallow or deep) as explanatory variable, and each of the shelter entrance or 
unoccupied stone area as response variable separately, in the respective model. To see the 
difference of fish numbers of each fish categories (predators, food competitors or shelter 
competitors) inside the quadrat between the study areas, I used generalized linear mixed 
models (GLMMs) with poisson error structure and log link. In the model, I set the number 
of fish of the each fish category (i.e. predators, food competitors or shelter competitors) as 
response variable separately in the respective models, and the study area (deep and shallow) 
was set as explanatory variable in all of the models. The date of the census was also 
incorporated as a random factor in the model, since the census of the two study areas was 
always conducted at the same day for several times.  
For the analysis of body size, I used GLMs with Gaussian error structure and 
identity link. In the model of body size, I set body size as a response variable, and 
interaction term of social rank (breeding male, breeding female, single male, helper and 
juvenile) and study area as explanatory variable. I found significant interaction term in the 
model (see results), therefore I used Tukey HSD tests to see the difference of body size 
among each social rank and the study area. 
For the analysis of each of the dispersal distance and body size of dispersal 
individuals, I used GLMs with gamma error structure with log link and gaussian error 
structure with identity link, separately in the respective models. I set each of the dispersal 
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distance or body size of dispersed individuals as response variables, separately, and set the 
study areas as explanatory variables in both of the models. For the analysis of relatedness 
between dominant female and helpers within the same subgroup, I used GLMMs with 
gaussian error structure with identity link. I set the calculated relatedness in the response 
variables, and first set only the study areas as explanatory variables to investigate whether 
relatedness between dominant female and helpers differ between the study areas. I then set 
relatedness as response variables, and set the interaction term of study areas and helper’s 
body size as explanatory variables to investigate whether relatedness decline with helper’s 
body size differ between the study areas. 
To examine the significance of the explanatory variable, I performed a likelihood 
ratio test in all of the GLMs and GLMMs analyses. All of the tests were two-tailed, and the 
level of significance was 0.05. All the statistical analyses were performed with the statistical 
software R ver.3.1.0 (R Core Team 2014).   
 
Results 
Ecological difference between the shallow and deep study area 
Size of the shelter entrance was larger in the deep area than shallow area (mean entrance 
size ± SD mm = 18.12 ± 6.19, N = 50 in shallow; 35.92 ± 12.53, N = 50 in deep, GLM:χ2 1 
= 96.38, P < 0.001). I also found more predators in deep area (median and quartiles = 1, 1, 7, 
N = 9 in shallow; 17, 8, 28, N = 9 in deep, GLMM: χ2 1 = 101.62, P < 0.001), while I 
found no significant differences in food competitors (median and quartiles = 17, 13, 23, N = 
9 in shallow; 18, 14, 22, N = 9 in deep, GLMM: χ2 1 = 0.20, P = 0.65) and shelter 
competitors between the study areas (median and quartiles = 19, 15, 20, N = 9 in shallow; 
19, 14, 19, N = 9 in deep, GLMM: χ2 1 = 0.08, P = 0.78).  
I found unoccupied vacant stones in each of the study areas (mean stone area ± SD 
/ 1m2 = 980.9 ± 378.2 cm2, N = 11 in shallow; 1698.0 ± 767.1 cm2, N = 11 in deep), and 
found larger vacant stone area in the deep area (GLM: χ2 1 = 8.98, P = 0.003). Shelter area 
of the subgroup was larger in the deep area (mean shelter area ± SD = 216.3 ± 68.4 cm2, 
range = 122.4-539.2 cm2, N = 20 in shallow; 364.6 ± 130.1 cm2, range = 123.1-413.7 cm2, 
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N = 20 in deep, GLM: χ2 1 = 23.74, P < 0.0001).  
 
Body size and group composition 
The body size of the fish was significantly larger in the deep area (Fig. 3.1, GLM:χ2 9 = 
793.87, P < 0.001). The number of helpers increased with the body size of the dominant 
females in both of the areas and I found more helpers within subgroup in the deep area (Fig 
3.2, GLM: effects of dominant female’s body size, χ2 1 = 35.03, P < 0.001, effects of 
study area, χ2 1 = 6.59, P = 0.01).  
 
Dispersal events 
I observed 28 dispersal events during three months observation period in total (17 
individuals in shallow; 11 individuals in deep, Table 3.1). Dispersal distance of individuals 
in the deep area was shorter than that of shallow area (mean dispersal distance ± SD cm = 
155.71 ± 52.65, N = 14 in shallow; 59.75 ± 34.50, N = 10 in deep, GLM: χ2 1 = 21.79, P < 
0.0001), and the size of dispersed individual was larger in the deep area than shallow area 
(mean SL ± SD cm = 27.18 ± 5.69, N = 17 in shallow; 31.43 ± 4.94, N = 11 in deep, GLM: 
χ2 1 = 4.10, P = 0.04).  
 
Relationship between relatedness and helper size 
The relatedness between helpers or juveniles and dominant females was higher in deep area 
than shallow area (mean relatedness ± SE = 0.29 ± 0.03, N = 71 in shallow; 0.40 ± 0.02, N = 
150 in deep, GLMM: χ21 = 8.71, P=0.003). Moreover in shallow area, relatedness among 
helpers and dominant female declined according with the helper body size more than deep 
area (Fig. 3.3, GLMM: significant interaction term, χ21 = 7.28, P=0.007).  
 
Discussion 
The results suggest that the predation risk of N. obscurus is much higher in the deep area 
than in shallow area. This is most likely due to the relative abundance of piscivores and the 
large shelter entrance of N. obscurus in the deep area, which will promote preferred hunting 
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area for the piscivorous fish. Indeed, I had observed predation events only by spiny eel C. 
moorii only in the deep area while observing N. obscurus (4 times/ 85.0h ad libitum 
observation in deep vs 0 times/ 67.0h in shallow) in addition to the tooth-mark on subject 
fish (supplementary figure 2), or hardly scratched injuries probably due to being bitten or 
nearly predated by the predators (5/ 216 individuals in deep vs 0/ 123 individuals in 
shallow). These results suggest that, in deep area, predation risk of N. obscurus is higher 
than shallow area, and dispersal will be more risky for N. obscurus at deep area. 
The results show that N. obscurus dispersed only in short distance in the deep area. 
The dispersed fish usually received aggression by dominant females of the new social group, 
showed intensive submissive behaviours to such dominant females, and could not enter the 
shelter of the new group. These individuals also shuttled occasionally among the previous 
shelter and the shelter of the new group when the aggression from dominants was too 
intense or when the predators arrived at the group, and shuttling and dispersal of long 
distance will be risky in highly predatory deep area. I also found that body size of the 
dispersed individuals were larger in the deep area, suggesting dispersal in smaller 
individuals will be more risky in the deep area (Paine 1976). Furthermore, my results 
showed that the relatedness between dominant females and helpers or juveniles in the deep 
area were higher than that of shallow area, and an urgent decline of relatedness were found 
between dominant females and helpers/juveniles with helper’s body size in shallow area, 
while the relationship was almost flat in deep area. These results suggest that, in shallow 
area, helpers disperse according to their body size, while dispersal of helpers were strongly 
limited and helpers usually stay at the natal territory in deep area, as well as less breeder 
turn over in deep area as reported in the cooperatively breeding N. pulcher (Dierkes et al. 
2005).  
 I found that the body size of the dominant fish was larger in the highly predatory 
deep area. Enlarged body size, that might be due to the high predation pressure, is also 
reported in other fish (Reznick 1982; Reznick et al. 2001). However, large body size in this 
species might also be because of the large size of the substrate which compose the shelters 
of this fish (mean stone size ± SD cm of random 50 stones in the quadrat = 11.96 ± 3.33, N 
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= 50 in shallow; 14.50 ± 4.31, N = 50 in deep, GLM: χ2 1 = 11.21, P < 0.001) and 
subsequent large shelter entrance (because piling up larger structures will yield larger 
openings) in the deep area. Increased numbers of helpers in deep area will be due to both by 
high predation pressure and subsequent delayed dispersal of helpers, i.e. living in the group 
will be beneficial through group augmentation (Kokko et al. 2001; Heg et al. 2008, 2010), 
and large body size of dominant female and consequent increment of possible vacant 
position within the subgroup (Buston 2003). During the observation, I had observed shelter 
usurpation events by shelter competitor Telmatochromis temporalis (2 times/ 85.0 h ad 
libitum observation in deep, 0 times/ 67.0 h in shallow) and by conspecific N. obscurus only 
in the deep area (1 time/ 85.0 h ad libitum observation in deep, 0 times/ 67.0h in shallow). 
These usurped fish were all observed in solitary living individuals, suggesting that dispersal 
and subsequent solitary living will be risky for N. obscurus in the deep area.   
On the other hand, I found vacant potentially preferred habitat in both of the two 
areas. These available habitats were larger than minimum shelter area of the individuals in 
both of the two study areas, suggesting that habitat saturation is not a main cause of delayed 
dispersal of helpers in N. obscurus. This result was also reported in other cooperatively 
breeding cichlids (N. pulcher and N. savoryi, Heg et al. 2008). One of the reasons might be 
because of the high physiological cost of digging and creating a new shelter, as well as high 
predation risk during making a new shelter and subsequent solitary living. Especially in N. 
obscurus, frequency of sand digging by domimants are ca. 6 to 10 times of other 
cooperative breeding cichlids (Taborsky 1985; Heg et al. 2005; Chapter 2), suggesting that 
dispersal into un-reclaimed area and creating a new shelter will be costly.  
In some of the other substrate brooding species in the Lake, parental care varies 
from 80 to 130 days in Lake Tanganyika (N. attenuatus: 80 days, N. elongatus: 80 days, N. 
furcifer: 80 days, N. tretochephalus: 130 days, Nagoshi 1985). During these periods, the 
primary cause of lowering survival rates of fry is predation, and fry slows their growth rate 
in the latter phase of parental care in some of these long parental care species, suggesting 
that it might be more beneficial to stay under the parents even they slows down their growth 
than dispersing (Nagoshi 1985). These reports suggest that predation risk might be universal 
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in the Lake. The body size of cooperatively breeding cichlids in Lake Tanganyika is 
relatively small in the substrate brooding cichlids (HT et al. unpublished data), and 
predation will be risky even in the matured individuals (Balshine et al. 2001), indicating 
that living with group will be beneficial (group augmentation Kokko et al. 2001). These life 
history traits, in addition to onset of reproduction and longevity also might be a critical 
factors which will promote the evolution of delayed dispersal and helping behaviour 
(Hatchwell and Komdeur 2000; Covas and Griesser 2007). Future study will focus and 
reveal the relationship between life history traits and evolution of delayed dispersal and 
helping behaviours in cooperative breeding fish.  
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Figure 3.1  The body size of N. obscurus of each social rank of the study areas. White bar (shallow 
area) and gray bar (deep area).  
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Figure 3.2  The relationship between dominant female’s body size and the number of helpers per 
subgroup in the two study areas. The number of helpers was significantly larger in deep (gray circles, 
N = 56) than shallow area (white circles, N = 48, see the text for the statistical analysis). The dashed 
line (shallow area) and thick lines (deep area) indicates regression lines. 
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Figure 3.3  The relationship between body size of helpers and juveniles and relatedness between 
dominant female and helpers/juveniles in the two study areas. Depicted are mean relatedness ± SE of 
1cm helper size class, and white circles (shallow area) or gray circles (deep area) indicate each of the 
study area. The dotted lines (shallow area) and dashed lines (deep area) indicate regression lines. 
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Table 3.1  Social rank change(before and after the dispersal), sex and body size of observed 
dispersal individuals in shallow and deep study areas. 
 
before dispersal after dispersal
shallow   dominant female   dominant female F 30.60
  dominant female   dominant female F 32.90
  dominant female   dominant female F 29.50
  dominant female   dominant female F 30.90
  dominant female   dominant female F 32.00
  dominant female   dominant female F 28.50
  single male   dominant male M 40.65
  helper 1   dominant female F 28.80
  helper 1   helper 1 F 26.10
  helper 2   helper 1 F 26.50
  helper 2   helper 1 NA 22.50
  helper 2   helper 1 NA 18.00
  helper 2   helper 1 F 20.25
  helper 2   helper 2 NA 21.00
  NA   dominant female F 29.30
  NA   helper 1 F 22.50
  NA   helper 2 M 22.10
deep   solitary male   solitary male M 34.40
  solitary male   single male M 33.50
  helper 1   dominant female F 31.00
  helper 2   helper 1 F 24.50
  helper 2   helper 1 F 34.50
  helper 3   helper 1 F 30.50
  helper 2   helper 1 F 30.50
  helper 2   helper 2 F 31.55
  NA   dominant female F 36.25
  NA   single male M 37.90
  NA   helper 1 NA 21.10
social rank
place sex body size
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Supplemental table 3.1  Number of adults successfully typed (N), number of different alleles 
(NA), observed (HO), and expected heterozygosities (HE); p values of Hardy-Weinberg equilibrium 
tests after bonferroni correction (HWE); and estimated null allele frequencies (Null) 
 
Locus N NA HO HE HWE Null Reference
758/773 360 14 0.783 0.768 1.00 -0.0161   Schliewen et al. (2001)
Chb1 360 22 0.897 0.925 0.43 0.0152   Munehara et al. (2001)
GM264 360 8 0.694 0.696 1.00 0.0049   Albertson et al. (2003)
NP101 360 21 0.883 0.876 1.00 -0.0066   Brandtmann et al. (1999)
TmoM7 360 18 0.533 0.594 0.34 0.0535   Zardoya et al. (1996)
TmoM11 360 8 0.361 0.413 0.44 0.0632   Zardoya et al. (1996)
Pzeb1 360 10 0.614 0.594 1.00 -0.0236   van Oppen et al. (1997)
Pzeb3 360 8 0.767 0.73 0.17 -0.0278   van Oppen et al. (1997)
ULI2 360 16 0.847 0.855 1.00 0.0045   Schliewen et al. (2001)
UME002 360 6 0.256 0.263 1.00 0.0161   Parker et al. (1996)
UME003 360 19 0.844 0.909 1.00 0.0360   Parker et al. (1996)  
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Supplemental figure 3.2  Example of tooth marked injury on their dorsal part of N. obscurus in 
deep area. Red arrow indicates the injury part. 
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Chapter 4 
 
Kin selection and pay to stay both operate in maintaining cooperation 
in the cooperatively breeding cichlid Neolamprologus obscurus  
 
Abstract  
Helpers of cooperative breeding animals engage in raising young of others. Kin selection is 
regarded as playing a major role to explain helping behaviours, while recent empirical 
evidences show that helpers also obtain direct benefits, such as performing helping behavior 
in compensation of their costs for staying at a territory (pay-to-stay hypothesis, PTS), 
together with kin selection. Theoretical work predicts that unrelated helpers should increase 
helping behaviours than related helpers under PTS. However, if kin selection is also 
co-acting with PTS, related helpers will be also be predicted to increase their helping efforts 
due to their own indirect fitness gain. I investigated whether kin selection or PTS or both 
play a role in maintaining helping behaviours in cooperative breeding cichlid 
Neolamprologus obscurus by temporally preventing helpers from their work under natural 
conditions. My results showed that (1) before the experimental prevention, relatedness did 
not account for the amount of helping behaviours, but highly related helpers showed more 
benthic foraging behaviours, and (2) after experimental prevention of helping, highly 
related helpers increased more helping behaviours, while low related helpers showed 
increased submissive behaviors toward dominants. Under both conditions of kin selection 
and PTS, threat of punishment will more menace low related helpers and thus low related 
helpers might increase the apparent appeasement submission, however, highly related 
helpers will increase helping rather than submission which will directly increase their 
indirect fitness benefits. These predictions are likely consistent with my results, and I 
suggest that PTS and kin selection are both operating in the helping behaviours in N. 
obscurus, and processes of helping might differ in accordance with the relatedness of 
helpers. 
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Introduction 
Helpers in cooperative breeding assist the dominants of their social group to raise their 
young (Koenig and Dickinson 2004; Cockburn 2006; Lukas and Clutton-Brock 2012). Such 
altruistic helping behaviour is difficult to understand by natural selection, and many studies 
have been conducted to explain why helpers help other individuals especially in insects, fish, 
birds and mammals (Skutch 1935; Wilson 1971; Jarvis 1981; Taborsky and Limberger 
1981). Traditionally, kin selection has been playing a major role to understand such helping 
behaviours in cooperative breeding (Hamilton 1964), and many studies have been reported 
kin selected indirect benefits of the helpers (Komdeur 1994; Emlen 1995; Russell and 
Hatchwell 2001; Clutton-Brock 2002; Griffin and West 2003; Hatchwell 2009). However, 
researchers have been questioned whether kin selection theory alone is sufficient to explain 
cooperative breeding (Cockburn 1998; Heinsohn and Legge 1999; Clutton-Brock 2002; 
West et al. 2002). Theoretical and empirical evidences have been accumulated that 
explaining helping behaviour by kin selected indirect fitness benefits alone is difficult, and 
direct fitness benefits are also important factors to understand the evolution of cooperative 
breeding together with kin selected benefits (Cockburn 1998; Clutton-Brock 2002; 
Bergmüller et al. 2007; Leimar and Hammerstein 2010; Riehl 2013).  
 Several alternative direct benefits have been proposed to explain helping 
behaviours in cooperative breeding (Cockburn 1998; Clutton-Brock 2002, 2009; Lehmann 
and Keller 2006; Bergmüller et al. 2007). (1) Group augmentation hypothesis (Woolfenden 
1975; Kokko et al. 2001; Kingma et al. 2014) suggests that helpers gain by-product benefits 
by the mere presence of other group members (passive group augmentation), or helping to 
recruit new group members subsequently benefit to helpers via helping by new recruits 
(active group augmentation). (2) Helpers will inherit territory and gain breeding partners 
and positions by helping to signal their quality to potential partners (social prestige 
hypothesis: Zahavi 1974). (3) Pay to stay hypothesis explains that helpers may have to pay 
a ‘rent’ payment in order to compensate for the costs of staying to the territory of dominants 
(Gaston 1978). Among these non-mutually exclusive hypotheses, empirical evidence of pay 
to stay hypothesis comes from insects to mammals (Reeve and Gamboa 1983; Reeve 1992; 
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Mulder and Langmore 1993, but see Koenig and Walters 2011; Santema and Clutton-Brock 
2012; Nomano 2013; Young et al. 2013), notably in cooperative breeding fish 
Neolamprologus pulcher (Balshine et al. 1998; Bergmüller et al. 2005b; Bergmüller and 
Taborsky 2005; Stiver et al. 2005; Bruintjes and Taborsky 2008; Zöttl et al. 2013; Fischer et 
al. 2014, but see Wong and Balshine 2011). In N. pulcher, helper’s payment increase 
according with the body size of the helpers and in high competitive situation (Bruintjes and 
Taborsky 2008), and helping behaviours by the helpers also function as pre-emptive 
appeasement preceded to punishmnent by dominants (Bergmüller and Taborsky 2005). 
Moreover, kin selected indirect benefits should also be taken into account when we think 
about payment amount of helpers under pay to stay situation. Related helpers are allowed to 
stay in the territory with low payment than unrelated helpers because dominants will 
overlook the payment of related helpers due to their inclusive fitness benefits gain (Kokko 
et al. 2002) by e.g. through increased survival of related offspring (Ekman et al. 2001). 
Therefore unrelated helpers are expected to pay more payment than related helpers to stay, 
and recent study shows that unrelated helpers showed increased alloparental care compared 
to related helpers in this species (Zöttl et al. 2013), while previous study of testing kin 
selection and pay to stay hypothesis from field and laboratory condition in this species was 
inconclusive (Stiver et al. 2005).   
However, if kin selection is co-acting with pay to stay, highly related helpers will 
also be predicted to maximize their indirect fitness benefits by raising their own helping 
effort from payment required by dominants, although it is not in the case of low related 
helpers. Therefore, payment by highly related helpers will also be expected to be high due 
to their own increase of inclusive fitness benefits (Kokko et al. 2002). This implies that the 
helping behaviour resulted from pay to stay and kin selection both mask their effect each 
other, and as some researchers pointed out (Field and Cant 2007), detection of pay to stay 
will be difficult when kin selection is likely occurring. However, considering that “threats 
of punishment and/or eviction” is lying behind the mechanism of pay to stay (Cant 2011), I 
could consider the “amount of helping demands” by dominants as “degree of threats” of 
helpers. And by inflicting additional threats to helpers by e.g. temporally preventing 
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helper’s work, I expect that I could raise only the effects of helping demand by dominants 
and threats of eviction by helpers (without changing the amount of helper’s voluntary effort 
which will be predicted by kin selection), and thus will turns to be a testable hypothesis 
(Supplemental figure 4.1). 
 In this study, I experimentally tested whether temporally removed helpers will 
increase their payment after returning back from the removal to their social group, with 
considering the effect of helper’s relatedness to dominants in N. obscurus under natural 
conditions. Helpers of N. obscurus are most likely to be prospected to paying for stay due to 
high conflict over benthic food resource between social group members inside the restricted 
territory (Tanaka et al. 2014). The dominant female and helpers of the same social group 
both use the same shelters which were excavated by means of sand digging by this fish, and 
defended against territory intruders both from dominants and helpers. Helpers spent almost 
all the time together with and close to dominant females, which implies that dominants 
could easily monitor the helping efforts of helpers, and helpers are able to signal the 
willingness of their helping to dominants. 
I first investigated the effect of relatedness on helping behaviours before the 
removal of helpers to confirm whether kin selection alone will account for helping 
behaviours, and then I investigated the changes of helping behaviours before and after the 
removal experiment with the effect of relatedness of helpers. I predict the following 
outcomes: (1) If pay to stay is not operating and kin selection only maintaining helping 
behaviours, helping effort by high related helpers are always higher than low related helpers, 
which will predict higher amount of helping behaviours both in before and after the removal 
of helpers. (2) If pay to stay is occurring without kin selection, helping amount before the 
removal experiment will negatively correlate with relatedness of helpers, and low related 
helpers will increase their payment amount after the removal and returning to the 
dominant’s territory. (3) If pay to stay and kin selection are both co-acting, I predict that 
helping amount do not correlate with relatedness of helpers and helping amount before the 
removal experiment, but low related helpers will increase their payment amount after the 
removal and returning to the dominant’s territory. 
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Materials and Methods 
Subject species  
Neolamprologus obscurus is a small benthic cichlid fish that lives under stones with 
sediment rich intermediate substrate in Lake Tanganyika. This fish shows monogamy and 
polygyny, with zero to 12 helpers in a territory of one dominant breeding female (Chapter 
2). These dominant breeding female and helpers form a social group (subgroup, which the 
home ranges of these helpers and dominant breeding female overlap each other, share the 
shelters and defend against territory intruders, Chapter 2). Helpers of both sexes join in 
territory maintenance (digging and removing sand from the shelter of their own subgroup) 
and territory defense (aggressive behaviour toward intruded con- and hetero-specifics).  
 
Study site and field experimental procedure 
I conducted field observation at the southern tip of Lake Tanganyika, at Nkumbula Island 
near Mpulungu (8°45.2’S, 31°05.2’W), Zambia. Data were collected by SCUBA diving 
from September to December 2013. The study site was located at a depth of 11 - 13 m along 
a steep sandy slope with many partially exposed stones.  
I assessed and selected 16 social groups which contain one dominant female and 
more than one helper (mean helper number ± SD per subgroup = 2.56 ± 1.03, range = 1 - 4) 
with various size (mean helper size SL ± SD = 30.60 ± 3.13, range = 26.50 – 37.00) and sex 
(male: N=7, female: N=9) for the experiment in the study area. I put marked stones in each 
selected groups, and observed whole group members three times for 15 min within a week 
(45 min in total) before the following experiment. This procedure were conducted to 
individually identify each of the group members by using distinct natural gray line on their 
head and body, and to check the group composition and relationship between social group 
members.  
In the experiment, I chose one focal helper and first observed the focal helper for 
30 min (pre-removal observation). After this pre-observation, I captured the observed focal 
helper by using hand net and put into meshed cage for 4.0 – 5.7 h (mean ± SD = 4.62 ± 
0.47h). Helper capturing were quickly conducted while dominants were being inside the 
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shelters not to give an information of when and how the focal helper was captured and 
vanished. Before returning the helper back to their subgroup, I checked the focal subgroup 
member and observed their behaviour for 10 minutes to check whether the group members 
of focal helper are acting as normal. Then, helper was released when the dominants were 
again inside the shelters. After releasing the helper back, I observed focal helper 
(post-removal observation). In all of the cases, focal helpers first entered to their shelters, 
and come outside within 15 min. I started behavioural recording for 30 min once after they 
came outside from the shelter. I call this experimental procedure as ‘treatment’ hereafter. 
All of the behaviours were recorded by digital camera (Canon G15). After the observations, 
I caught focal helpers and dominant female of the focal group with the help of anesthetic 
clove oil and hand net to measure standard length in under water (SL; to the nearest 0.5 
mm). I also cut a small part of tail fin in underwater and preserved in 99% ethanol in the 
laboratory to analyze the relatedness between dominant female and helper by following 
microsatellite DNA analysis. 
 
Behavioural observations 
To quantify the helping behaviours of focal helpers, I recorded the frequency of aggressive 
behaviours toward con-specifics (with discriminating non-social group and social group 
members) and hetero-specifics, frequency of sand removal and digging, frequency of 
entering to the shelter in both of the pre- and post-removal observation. Since the fish spend 
more than half of their time inside their safety shelters (Chapter 2), the frequency of 
entering to the shelter was observed as a proxy of vigilance toward outside of the shelters, 
and these three behaviours (i.e. aggressive behaviours, sand removal and vigilance toward 
outside) were considered as helping behaviours. I also recorded the frequency of submissive 
behaviours toward dominant female of their own social group and the frequency of 
substrate (i.e. stones and sands) or water column as a proxy of benthic animal or plankton 
feeding frequency, respectively, in both of the pre- and post-removal observation. All of the 
data collections were conducted by analyzing video data with Quick time player ver. 7.0 by 
Macintosh personal computer. Frequency of aggression toward conspecific non-social 
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group members and that of heterospecifics were summed up as aggressive behaviours 
toward intruders in the following analysis.  
 
Microsatellite analysis and relatedness calculation 
I extracted genomic DNA from all of the ethanol preserved fin tissue samples by using the 
Wizard® Genomic DNA Purification Kit (Promega). I used eleven microsatellite loci for 
genotyping: 758/773 and ULI2 (Schliewen et al. 2001), Chb1 (Munehara et al. 2001), 
GM264 (Albertson et al. 2003), NP101 (LOC101: Brandtmann 1999), Pzeb 1 and Pzeb 3 
(van Oppen et al. 1997), TmoM7 and TmoM11 (Zardoya et al. 1996), UME002 and 
UME003 (Parker et al. 1996). Each forward primer was labeled with a fluorescent dye 
(FAM, HEX, NED, and VIC). DNA was amplified using the Qiagen Type-it Multiplex PCR 
Kit, arranging loci with non-overlapping size ranges in each dye, to thus allow 
co-amplification of all microsatellite loci in a two polymerase chain reaction (PCR). PCR 
was conducted in a 5µl volume containing 1µl genomic DNA and 2 × Qiagen Type-it 
Multiplex PCR Master Mix and microsatellite primer pairs with varying concentrations 
from 0.03 to 0.10 µM, according to the intensity of the respective amplification products. 
Amplification was performed using GeneAmp® PCR System 9700 (Applied Biosystems), 
with the following program: one cycle at 94°C for 5 min; 35 cycles at 94°C for 30 sec, 
52 °C for 40 sec, and 72 °C for 70 sec; and one cycle at 72 °C for 20 min. PCR products 
were analyzed using an ABI 3130 Genetic Analyzer (Applied Biosystems) and 
automatically analyzed using GeneMapper® 4.0 (Applied Biosystems).   
 Dyadic estimates of KINSHIP genetic relatedness (Goodnight and Queller 1999) 
between helper and dominant female of the focal group were calculated using KINGROUP 
ver.2.0 software (Konovalov et al. 2004). I used eleven microsatellite loci of additional 177 
matured and 237 immatured individuals from this population to calculate the background 
allele frequencies by means of Konovalov and Heg (2008). The relatedness between focal 
helper and dominant female varied between subgroups (mean relatedness ± SD = 0.42 ± 
0.18, range = 0.06 – 0.60), and were confirmed that the values of the relatedness are about 
the same amount of relatedness previously reported in this population (Chapter 2, 3).   
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Statistical analysis 
To test whether only kin selection is operating the helping behaviours of helpers, I first 
analyzed the effect of the relatedness on each behaviours (i.e. aggressive behaviours, sand 
removal, submissive behaviours, vigilance toward outside, frequency of feeding benthic 
animal or frequency of feeding plankton) of the focal helpers before the removal 
(pre-removal observation analysis). I used GLMs with poisson error structure and log link 
in all of the models in this pre-removal observation analysis, and each of the behaviour, i.e. 
aggressive behaviours, sand removal, submissive behaviours, vigilance toward outside, 
frequency of feeding benthic animals or frequency of feeding planktons, was put into 
response variable of separate GLM model, respectively. I set the calculated relatedness of 
the focal helper to the dominant female and group size as explanatory variable, and helper 
size as covariate. However because of the over-dispersion in most of the models except for 
the analysis of aggressive behaviours and submissive behaviours, I applied negative 
binomial GLMs with log link to these analyses.  
Next, to test the effect of treatment (before and after the removal of the focal 
helper) and helper’s relatedness to their dominants on each behaviours, I used generalized 
mixed model GLMMs to each of the behaviours in the separate models, respectively. Each 
of the behaviour was put into response variable of separate GLMM model, respectively. In 
the model, I used GLMM with poisson error structure and log link. I set interaction term of 
treatment and calculated relatedness of the focal helper to the dominant female as 
explanatory variable, and helper size as covariate. I also included identity of individual 
number as random factor in all of the GLMMs models. Co-linearity between the 
explanatory variable and covariate was checked in advance (GLM with Gaussian error 
structure and identity link: effects of helper size on relatedness of focal helper, χ21=1.83, 
P=0.18). I checked and found no effect of body size of dominant female, number of helpers 
within the group, helper sex in each of the behaviours, respectively, in advance, and thus 
these factors were not included in the current models. To simplify the models, I used 
stepwise back elimination of non-significant interaction terms for all of the GLMM 
analyses (Bolker 2009).  
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To compare the relatedness of helpers between punished and not punished by dominants, I 
used Student’s t test, because variances were equal.   
All of the tests were two-tailed, and the level of significance was 0.05. All the 
statistical analyses were performed with the statistical software R ver.3.1.1 (R Core Team 
2014) with the package ‘lme4’ (Bates et al 2011).   
 
Results 
Relatedness effect on usual helping behaviours 
In the pre-removal observation analysis, I found no relationship between each of the helping 
behaviours (i.e. aggressive behaviours toward intruders, sand removal or vigilance toward 
outside of the shelters) or submissive behaviours and relatedness of the focal helpers (Table 
4.1a-d). Contrary to the helping behaviours and submissive behaviours, high related helpers 
fed on benthic animals inside the territory of dominants more than low related helpers (Fig 
4.1, Table 4.1e). Frequency of feeding planktons did not differ among relatedness (Table 
4.1f).   
 
Treatment and relatedness effect on behaviours of helpers 
After release from the temporal prevention of helping, focal helpers modulated their 
behaviours according to their relatedness to dominants. Highly related helpers showed 
increased aggression toward intruders, while low related helpers did not increase their 
aggression after returning back to their own social group (Fig 4.1a, significance in 
interaction term treatment × relatedness, Table 4.2a). I found the same tendency in sand 
removal and vigilance toward outside of the shelters (Fig 4.1b, c, significant interaction 
term in treatment × relatedness, Table 4.2b,c).  
In total, three focal helpers received aggression from the dominants of the same 
social group. Relatedness of punished and unpunished helpers did not differ (mean 
relatedness of punished helpers ± SD = 0.45 ± 0.15, mean relatedness of unpunished helpers 
± SD = 0.29 ± 0.28, Student’s t test: t14=1.49, P=0.15). Both of the high and low related 
helpers showed increased submissive behaviours toward dominants of their social group, 
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and in contrast to aggression toward intruders, sand removal and vigilance toward outside, 
low related helpers showed increased submission toward dominants than highly related 
helpers (Fig 4.1d, significant interaction term in treatment × relatedness, Table 4.2d). 
In feeding behaviours, helpers decreased their feeding frequency in both from the 
substrate and water column after returning back to their social group (Fig. 4.1e, f, no 
significant interaction in treatment × relatedness, Table 4.2e, f).  
 
Discussion 
The results show that, in cooperatively breeding fish Neolamprologus obscurus, highly 
related helpers showed increased aggressive behaviours toward intruders, sand removal and 
vigilance toward outside the shelter after back from the removal. On the other hand, low 
related helpers highly increased submissive behaviours toward dominants than highly 
related helpers instead of increasing amount of other help, although highly related helpers 
also increased submissive behaviours. Helpers also decreased the frequency of feeding 
benthic animals and planktons. The results suggest that the way of payment toward 
dominants differ according to the degree of helper’s relatedness to the dominants after the 
removal experiment, and will support pay to stay hypothesis. I found no relationship 
between relatedness of helpers and usual helper’s behaviours except for the positive effects 
of helper’s relatedness on frequency of feeding benthic animals by helpers, suggesting that 
kin selection and pay to stay hypotheses are both co-acting in N. obscurus.  
 I propose the following process in the occurrence of helping behaviour. First, low 
related helpers will not be tolerated by dominants than high related helpers because of no 
indirect fitness benefits to dominants (Kokko et al. 2002), and dominants will favour to 
allow high related helpers to stay inside their territory by e.g. parental nepotism (Ekman et 
al. 1994, 2001) under the condition in which kin selection and pay to stay are both 
occurring. In N. obscurus, parental nepotism by dominant males to single males was 
suggested from the previous study (Chapter 2), and there is some possibilities that parental 
nepotism occurs among dominant female and helpers (also due to high relatedness). Under 
these conditions, threats of punishment from dominants will more strongly menace low 
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related helpers than highly related helpers. This will lead the low related helpers to help the 
dominants at usual situation. On the other hand, highly related helpers might increase their 
helping effort due to their own increase of indirect fitness benefits, and therefore it will be 
difficult to detect the relation between relatedness of helpers and helping behaviours at 
usual helping (Field and Cant 2007). Contrary to helping behaviours, usual intake of benthic 
animals by helpers, in which the conflicts of interest are most likely occurring among group 
members, will be predicted to positively correlate with relatedness of helpers by parental 
concessions towards high related helpers (Ekman et al. 2001). In addition, threat of 
punishment towards low related helpers also might lead this result. In N. obscurus, low 
ranked individuals usually show “bumping” toward high ranked group members to avoid 
exploitation of benthic animals by these high ranked group members (Chapter 2), although 
bumping against high ranked recipients are also likely to facilitate the subsequent 
punishment from these high rank fish of bumping towards the actor of bumping (HT 
unpublished data). Therefore low related helpers might refrain to use bumping toward 
dominants due to the relative high threats of punishment compared to highly related helpers, 
and this might be the cause the less intake of benthic foods by low related helpers. This idea 
is supported from my pre-removal observation data (negative binomial GLM: effect of 
bumping by helpers towards dominants on feeding benthic animals of helpers, χ21=6.12, 
P=0.01, N = 16, effect of relatedness of helpers on bumping by helpers towards dominants, 
χ21=4.21, P=0.04, N = 16). Once after the helpers were prevented from their work and after 
back from the removal, low related helpers will increase the amount of submissive 
behaviours probably because of its apparent appeasement function compared to other 
helping behaviours. However, highly related helpers will prefer to increase helping 
behaviours than showing submissive behaviours because submissive behaviours will rather 
only negatively inflict costs to helpers (e.g. by suppression their investment to growth or 
gonads, Bender et al. 2006) compared to other helping behaviours which could prospect for 
their own increase of indirect fitness benefits. Feeding amount will be predicted to decrease 
after the removal in all of the helpers. All of these hypotheses fit to the present results, 
suggesting that it is likely that pay to stay and kin selection are both co-acting in N. 
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obscurus, and helping behaviours by high and low related helpers were motivated by 
different reasons according to the relatedness of helpers toward dominants.  
Although these outcomes are modeled by Kokko et al. (2002), these possibilities 
are pointed out only by few researchers (Field and Cant 2007). From the model of Kokko et 
al. 2002, as the initial cost of tolerating helpers increases, dominants will raise the helping 
demand toward helpers, i.e. eviction threshold of helpers (thin and thick lines in Fig. 6 in 
Kokko et al. 2002 (Supplemental figure 4.2)). Therefore, the voluntary helping by related 
helpers via kin selection will be difficult to detect only by checking the correlation between 
the relatedness and helping amounts of helpers, because the helping via pay to stay will 
mask the effects of helping behaviours by related helpers via kin selection (unrelated 
helpers, i.e. helpers of r=0, will show the same helping amount to related helpers, i.e. helper 
of r=0.5, at ca. h0=-0.46 in the Fig. 6 of Kokko et al. 2002 (Supplemental figure 4.2)). 
Finally, if helpers have are very costly to be tolerated by dominants (at ca. h0=-0.57 in the 
Fig. 6 of Kokko et al. 2002 (Supplemental figure 4.2)), related helpers also have to pay for 
staying and the difference of payment amount between related helpers and unrelated helpers 
will be relatively small. Practically, helpers might not know the exact threshold payment 
inflicted from dominants, and paying the exact threshold amount will not likely to evolve 
(because once helpers fail to pay, they will be immediately punished and evicted by 
dominants). Therefore, helpers, who pay the surplus payment to the thresholds inflicted 
from dominants, will be practically evolve, and at such condition, difference of helping 
amount between related helpers and unrelated helpers will be 0 before ca. h0=-0.46. This 
indicates that difference of helping amount between related and unrelated helpers will be 
relatively small at moderate costs of tolerating helpers (h0) for dominants, and will be 
difficult to detect the effect of relatedness and helping amount of helpers. This is likely 
occurring in other species, when pay to stay are likely occurring, and in these case, simply 
investigating the correlations between relatedness of helpers and helping amount will lead 
the wrong conclusion.  
My hypotheses will be also premised by two mechanisms: kin discrimination/ 
recognition (Frommen et al. 2007a, b; Le Vin et al. 2010) and pre-emptive appeasement 
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effects of helping behaviours as well as submissive behaviours (Bergmüller and Taborsky 
2005). Kin discrimination/recognition is reported from other group living cichlid species 
(e.g. N. pulcher: Le Vin et al. 2010, Pelvicachromis pulcher: Hesse et al. 2012) and also 
most likely occurring in N. obscurus. In my observations, dominant females usually show 
aggression to the accidentally intruded helpers and juveniles from neighbors, while they do 
not show aggression to their own helpers and juveniles (HT personal observations). 
However, effects of familiarity are not segregated, and these hypotheses have not yet been 
precisely confirmed as well as pre-emptive appeasement effects of helping behaviours, 
Further work is needed to verify the potential of these mechanisms in N. obscurus.   
 In conclusion, I showed that helpers in N. obscurus are likely to pay for staying 
according with their relatedness, and the reasons of helping might differ according to their 
relatedness. The results suggest that pay to stay hypothesis and kin selection are both 
co-acting to operate cooperative society in this fish, and suggest that pay to stay is more 
commonly maintaining helping behaviours in cooperatively breeding fish. 
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Figure 4.1 Difference of social behaviours between treatments (pre-observation and 
post-observation) on helper’s relatedness (r). (a) Aggressive behaviour toward intruder, (b) sand 
removal from shelter, (c) submissive behaviour toward dominants, (d) number of entering to the 
shelter, (e) feeding rate, of focal helpers, respectively. Each plot in the graph shows the observed 
behavioral frequency, and surface in the graph shows estimated value from each of the models. The 
parameter of body size was set as mean standard length = 30.6 in all of the presented models.    
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Table 1. Effect of helper's relatedness and size on (a) aggression toward intruder, (b) sand removal, 
(c) submission toward dominants, (d) entrance to shelter, (e) time spent outside and (f) feeding rates 
before the removal experiment. p-values of less than 0.01 are highlighted in bold, and 0.05 > p > 
0.01 are italicized. 
 
estimate ± s.e. z-value p-value
(a) Aggression toward intruder
intercept 5.06 ± 1.68 3.02 0.003
relatedness -0.93 ± 0.79 -1.18 0.24
number of helper in focal group -0.32 ± 0.18 -1.84 0.06
helper size -0.10 ± 0.06 -1.59 0.11
(b) Sand removal
intercept 6.82 ± 5.37 1.27 0.20
relatedness -1.88 ± 2.68 -0.70 0.48
number of helper in focal group 0.77 ± 0.52 1.49 0.14
helper size -0.22 ± 0.18 -1.22 0.22
(c) Vigilance toward outside
intercept 2.16 ± 1.61 1.34 0.18
relatedness 0.29 ± 0.80 0.36 0.72
number of helper in focal group -0.23 ± 0.15 -1.49 0.14
helper size 0.05 ± 0.05 0.93 0.35
(d) Submission toward dominants
intercept -3.52 ± 3.45 -1.02 0.31
relatedness 1.36 ± 1.69 0.81 0.42
number of helper in focal group 0.12 ± 0.28 0.43 0.67
helper size 0.09 ± 0.10 0.82 0.41
(e) Frequency of feeding benthic animal
intercept 0.96 ± 2.80 0.34 0.73
relatedness 3.56 ± 1.44 2.47 0.01
number of helper in focal group 0.29 ± 0.25 1.17 0.24
helper size -0.04 ± 0.09 -0.44 0.66
(f) Frequency of feeding plankton
intercept 1.60 ± 2.77 0.57 0.57
relatedness 1.55 ± 1.38 1.12 0.26
number of helper in focal group -0.10 ± 0.26 -0.38 0.71
helper size 0.07 ± 0.09 0.74 0.46
factors
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Table 2. Effect of treatment, helper's relatedness and size on (a) aggression toward intruder, (b) sand 
removal, (c) submission toward dominants, (d) entrance to shelter, (e) time spent outside and (f) 
feeding rates; from separate GLMM model. Reference category for estimates of all the factor 
including 'treatment' are post-removal observations. p-values of less than 0.01 are highlighted in bold, 
and 0.05 > p > 0.01 are italicized. 
 
estimate ± s.e. z-value p-value
(a) Aggression toward intruder
intercept 1.32 ± 1.72 0.77 0.44
treatment -0.64 ± 0.51 -1.24 0.21
relatedness -0.48 ± 1.05 -0.46 0.65
helper size -0.01 ± 0.05 -0.12 0.91
treatment × relatedness 2.79 ± 1.07 2.61 0.009
(b) Sand removal
intercept -4.25 ± 3.11 -1.37 0.17
treatment -0.56 ± 0.40 -1.41 0.16
relatedness 0.99 ± 1.65 0.60 0.55
helper size 0.16 ± 0.08 1.78 0.07
treatment × relatedness 3.88 ± 0.82 4.71 <0.0001
(c) Vigilance toward outside
intercept 2.01 ± 1.78 1.13 0.26
treatment -0.02 ± 0.17 -0.12 0.90
relatedness 0.20 ± 0.93 0.21 0.83
helper size 0.03 ± 0.05 0.65 0.52
treatment × relatedness 1.10 ± 0.36 3.09 0.002
(d) Submission toward dominants
intercept 0.98 ± 1.72 0.57 0.57
treatment 2.93 ± 0.68 4.32 <0.0001
relatedness 0.07 ± 1.54 0.04 0.97
helper size -0.03 ± 0.05 -0.72 0.47
treatment × relatedness -3.11 ± 1.48 -2.11 0.03
(e) Frequency of feeding benthic animal
intercept -1.00 ± 3.41 -0.29 0.77
treatment -1.40 ± 0.19 -7.32 <0.0001
relatedness 3.74 ± 1.55 2.41 0.02
helper size 0.04 ± 0.09 0.43 0.66
(f) Frequency of feeding plankton
intercept -1.56 ± 3.38 -0.46 0.64
treatment -0.53 ± 0.16 -3.30 0.001
relatedness 1.85 ± 1.72 1.07 0.28
helper size 0.14 ± 0.10 1.46 0.15
treatment × relatedness -1.28 ± 0.34 -3.76 0.0002
factors
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Supplemental figure 4.1  A schematic figure of “helper’s threats of punishment and eviction” via 
pay to stay T, that of after inflicting additional threats to helpers (by e.g. temporally preventing 
helper’s work) T’, and “helper’s voluntary helping effort” via kin selection h*s, in various relatedness 
value of helpers to dominants (rS = 0-0.5), under when pay to stay and kin selection are both acting. 
Line with dots (h*s), line (T) and dashed line (T’). Helper’s voluntary effort (h*s) increases with rS. 
However, helper’s threats (T) shows opposite relationship. This is because of dominant’s indirect 
fitness benefits gain due to retaining related helpers, when helper’s dispersal and independent 
breeding is costly to related dominants (e.g. in high predation risk, and low survival rate is 
prospected in helper’s dispersal from natal territory). I expected that, after temporally preventing 
helper’s work, the only T will raise to T’ (without any change in h*s values), and therefore expected 
that low related helpers will compensate (Cr=0) more than that of related helpers (Cr=0.5) after 
inflicting additional threats to helpers. I used the same denoted characters for helper’s voluntary 
helping effort h*s, and relatedness value of helpers to dominants rS, as in the Kokko et al. 2002 
(Kokko, Johnstone, Wright 2002 The evolution of parental and alloparental effort in cooperatively 
breeding groups: when should helpers pay to stay? 13:291-300, figure 6) for facility of 
understanding (this figure is a schematic figure, and the values of h*s are independent from Kokko et 
al. 2002).  
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Supplemental figure 4.2  Shown figure is inserted from Kokko et al. 2002 (Kokko, Johnstone, Wright 
2002 The evolution of parental and alloparental effort in cooperatively breeding groups: when should 
helpers pay to stay? 13:291-300, figure 6). Voluntary helping, h*s (dots), minimum effort requirement, 
Hmin (solid lines) for varying passive effects of the subordinate on the dominant’s reproduction, h0. 
Minimum requirement Hmin is sought from the inequality (3a)  
                           ωD + rD ωS  > (1 + rD x) ωL                         (3a) 
                                    ↔ 
                          (ωD – ωL) + rD (ωS - ωL x) > 0                         
in the text in Kokko et al 2002 (see Kokko et al. 2002 in details). ωD, ωS and ωL denote the direct lifetime 
reproductive fitness of dominants, subordinates, and lone individuals respectively. rD denote relatedness 
of dominants to subordinate, and x denotes probability of a dispersing individual becoming established as 
a lone independent breeder. Other parameter values: survival of individual with no parental or 
alloparental effort smax=0.6, ease of helpingΦ=2, relatedness of subordinate to dominant rS = rD = 0 (thin 
lines) or rS = rD = 0.5 (thick lines), probability that lone breeder is joined by a helper a=0.5, x =0.2. These 
values lead to a stable group at any value of h0. Rent is not required if subordinates are beneficial to the 
dominant even if they do not help (i.e. if h0 > 0). From related subordinates, rent is not required even if 
they are slightly harmful when nonhelping (h0 > -0.17), and when rent is required, a full compensation of 
their passive negative effect, h0, is not needed for group stability. However, they often help voluntarily to 
more than compensate for this (h*s > - h0), and only fail to do so when their harmful effect is very great 
(lowest h0). Renting will apply to non-kin as soon as they will otherwise harm group productivity, but 
related subordinates will pay rent only if retaining them is otherwise extremely harmful for the dominant. 
Where related subordinates provide much voluntary help, kin groups are more productive than non-kin 
groups; otherwise, the reverse is true because kin play less rent.    
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